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White spot syndrome virus (WSSV) is a large double-stranded DNA virus that has 
caused serious diseases in crustaceans worldwide. The virus-host interaction is quite 
elusive due to the lack of WSSV susceptible cell lines. VP9 is one highly expressed 
nonstructural WSSV viral protein that might be involved in rerouting host cellular 
pathways to the benefit of the viral life cycle while its exact functional role has not 
been fully revealed. Previous studies have determined its 3D structure and shown its 
interaction with histone proteins.  In this study, VP9 dynamics was quantitatively 
measured in the cytosol and nucleus of VP9-transfected cells. By single molecule 
force microscopy, we found that VP9 specifically impeded histone-mediated DNA 
folding by reducing histone’s binding affinity to DNA. Through salt fractionations 
and FRAP analysis, we detected the high proportion of soluble histone proteins, the 
formation of H3-VP9 complex and chromatin structure alternation in VP9-transfected 
cells.  Microarray-based gene profiling further revealed that VP9 affects the global 
gene expression in Hela cells. These findings suggest that VP9 may epigenetically 



























White spot syndrome virus (WSSV) is a large (305 kbp), double-stranded DNA 
eukaryotic virus that has caused serious disease in crustaceans worldwide. So far, 
there is no effective treatment for WSSV infection. After viral entry, the host nucleus 
appears enlarged, and most of the chromatin is disruptively situated to the nuclear 
membrane. The aim of this thesis is to provide functional insights into one abundant 
non-structural viral protein and its function in alteration of host chromatin 
architecture. The information might further benefit other researchers to elucidate how 
dsDNA viruses cause significant changes in nuclear landscape.  
1.1 Introduction to Virus 
Virus is the most infectious creature, which drastically differs from other living 
species in terms of non-moving, non-eating, non-energy consuming or non-giving 
off waste[1]. In the early 1880’s, a Russian biologist successfully collected 
tobacco mosaic viral particles by filtering the solution through a chamberland-
pasteur filler. It was capable to cause disease but was too small to be visualized 
under a light microscope[2]. The first images of virus came with the invention of 
an electron microscopy in 1931 in Germany[3]. A short time later, an American 
biochemist Wendell Meredith Stanley found the major components of virus were 
made of nucleic acid, coated by several layers of proteins[4,5]. By the end of 
1930’s, the development of molecular technologies, including biochemical 
characterization of purified virions, X-ray crystallography, electron microscopy 
(in particular negative staining) enabled a detailed description of the physical 
properties of many viruses and providing numerous new characteristics for 
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distinguishing individual viruses from one another. In the 1970s, these 
characterized features led to the distinction of three major animal virus groups: the 
herpesviruses, the poxviruses and myxoviruses[6-8]. In the end of 2000’s, over 
5000 species of virus has been discovered. 
An entire virus particle (known as a virion) contains protein subunits of smallest 
size and smallest coding requirements for its parasitism. It is composed of 
genomic nucleic acid, which is compacted by a protective coat of proteins called 
viral capsid. The subunits, called capsomeres, in turn aggregate to form a viral 
capsid. Capsid can be enclosed in a lipid envelope taken from the host cell 
membrane and it serves as the basis for morphological distinction. Roughly, 
helical, icosahedral and prolate virion are identified as three main morphological 
virus types[9,10]. 
Viruses are biochemically and structurally distinguishable from one to another. 
Based on the Baltimore classification system, viruses are placed into seven main 
subclasses dependent on the type of its genomic nucleic acid: Double or Single 
stranded; DNA or RNA; Negative or Positive sense; and transcribed virus, which 
reversely transcribe its RNA to DNA (such as HIV)[11,12]. Unlike other living 
organisms or pathogens, without parasitizing and creating progeny in a specific 
host, virus cannot produce offspring on its own and can be denatured as quickly as 
a normal protein does. Literally, some of the viruses, such as Hepatitis C Virus 
(HCV), are more resistant to environmental factors, which are capable of 
tolerating adverse condition [13]. Research showed that HCV was found to remain 
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active outside the host cells for at least 16 hours[14]. Another instance, Human 
Immunodeficiency Virus (HIV) is a relatively fragile virus. Some experiments 
have shown that it can survive for 3 days outside host cells, if the initial viral load 
was high. Once directly exposed to the environment it is susceptible to dry off in 
the air within 30 minutes[15]. However, when a virus contacts with its host cells, 
known as infection, it redirects the cell to produce thousands of identical viral 
copies until the cell becomes dead.  
During the infection period, sophisticated strategies are required to overcome the 
host’s functions. Generally, a virus penetrates its host cells, known as viral entry, 
via receptor-mediated endocytosis (membrane fusion)[9,16]. The infection of 
animal cells drastically differs from that of fungi and plant cells. Fungi primarily 
have a rigid cell wall consists of chitin, and plant cell wall of cellulose, so fungi 
and plant viruses can parasite host cells only after trauma or damage to the cell 
wall. In contrast, bacteriophage viruses have differentially evolved mechanisms 
that insert their genetic material into host cellular interior across the cell wall, 
while leave the viral capsid outside the cells. After entry of host cells, the viral 
capsid is removed resulted in release of viral genomic nucleic acid. Early genes 
are required to be synthesized to overcome host apoptosis and to inhibit host 
immune system[17,18]. 
Replication of most DNA viruses takes place in host nucleus whereas that of RNA 
viruses usually occurs in cytoplasm[18]. Most viruses require host cellular 
machines, such as polymerases, histone proteins, for replication [19,20]. Initially, 
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viral messenger RNA (mRNA) from early genes (prior to replication) is actively 
synthesized, following by recruitment of regulatory proteins to direct host cells to 
synthesize viral capsid proteins and enzymes for virion assembly. Some viruses 
can dominant inside host cells for decades, causing no significant symptoms in 
their host cells (a stage known as lysogenic phase). But when a dormant virus is 
activated by certain stimuli, it initiates the lysogenic phase: new progenies are 
completely assembled, and burst out of the host cell, give rise to the cell death and 
subsequently are engaged into another infection cycle [21,22].  
1.2 Introduction to crustacean virus  
The first crustacean virus, known to invade the marine vertebrates, including 
anomuran crabs, brachyuran crabs and penaeid shrimp, was first described by 
Vlak et al in 1966 [23]. It has a wide range of viral families, including 
Parvoviridae, Reoviridae, piconaviridae, Herpesviridae, Baculoviridae, 
Birnaviridae, Bunyaviridae, Rhabdoviridae, Togaviridae, Nodaviridae, 
Nimaviridae and Iridoviridae[24].  
They share morphological similarities with presenting of unilateral subapical 
envelope expansion, forming nucleocapsid in a truly cylindrical manner, and a tail 
like appendage that derives from the nucleocapsid and is associated within the 
expansion of envelope. Crustacean viruses with shared characteristics are listed in 
Table 1-1 [25].  
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Crustacean viral diseases, causing large scale of mortalities, have been 
documented by the OIE (Office International Des Epizooties; the World 
Organization for Animal Health). These include, Infectious Hypodermal and 
Haematopoietic necrosis (IHHN), Yellowhead Disease (YHD), Tetrahedral 
Baculovirosis (Baculovirus penaei [BPV] infection), White Spot Disease (WSD), 
Taura Syndrome (TS), Infectious Myonecrosis (IMN), and Spherical 
Baculovirosis (Penaeus monodon-type baculovirus [MBV] infection). Spawner-
isolated Mortality Virus Disease (SMVD) was deleted from the OIE Aquatic 
Animal Health Code as the etiology is not clearly characterized. White Tail 
Disease (WTD), and Hepatopancreatic Parvovirus (HPV) are determined as 
emerging diseases, causing up to 100% mortalities within 5-7 days [26-28].  
As one of the crustacean viruses, WSSV (Family: Nimaviridae, Genus: 
Whispovirus) is very unique as its infection strategies are novel and distinct from 
the documented models of other known viruses. 
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Table 1-1 The information of Crustacean viruses with shared characteristics (Adapted 
from phyllisT. Johnson, Disease of Aquatic Organism 1988)  




1.3 Introduction to White Spot Syndrome Virus (WSSV) 
1.3.1 WSSV morphology and classification 
WSSV is highly lethal to most of the penaeid shrimp species that are 
commercially available, and an acute outbreak of WSSV infection is known to 
cause a mortality rate of up to 100% in cultured shrimp farms within 3-10 days. 
The first outbreak of the WSSV was reported to occur in 1992, in the southern 
provinces of Mainland China and the northern counties of Taiwan, from where it 
quickly spread to Southeast Asia, and to shrimp farms around the world in the 
Americas, Europe and the Middle East. WSSV infection remains a major 
devastation to aquaculture industry and has caused serious economic damage, 
approximately US$6 billion to the shrimp market [29,30]. 
WSSV is a rod-shaped double-stranded DNA virus spanning a length of 240-380 
nm and a diameter of 80-120 nm. The virions are composed of a third-layered 
outer membrane, sometimes with a tail-like extension at one end. The 
nucleocapsid is contained within the envelope and is a stacked ring structure 
composed of globular protein subunits of 10 nm in diameter arranged in 14–15 
vertical striations located every 22 nm along the long axis, giving it a cross-
hatched appearance (Figure 1.1) [31,32]. The virus genome is a circular, double 
stranded DNA of around 300 bp in length. Being unique for its characteristics and 
features, WSSV is the only member of the genus Whispovirus within a new virus 
family called Nimaviridae (“nima” means “thread” in latin [33]) according to the 
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nomenclature assigned by the International Committee on Taxonomy of Viruses 
(ICTV) [34].  
The virus was named so for the white spots it generates on the carapace, 
appendages and inside the epidermis of infected shrimps. The spots are quite small 
up to 3 mm in diameter, and they sometimes group together into larger plates. The 
spots may result from the abnormal deposition of calcium salts in the cuticular 
epidermis or else from disruption in the transfer of exudates from the epithelial 
cells to the cuticle [35]. 
 
 Figure 1.1 Negative contrast electron micrographs of WSSV viral particle: (a) a 
mature WSSV virion with characterized tail-like structure and (b) nucleocapsid 
(Adapted from Lo et al. Whispovirus, 2009) 
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1.4 Research Progress of WSSV 
1.4.1 WSSV Genome Structure 
The genomes of three isolated WSSV from China, Taiwan and Thailand have been 
completely sequenced (Figure 1.1) [36]. Their genome sizes are 305, 307 and 297 kbp, 
accordingly, which demonstrate a slight variation by genetic comparisons. Literally, 
WSSV isolated from China is chosen as the typical strain voted by whispovirus study 
group committee, which will be discussed in our study [37]. 
Given the uniqueness of WSSV genome, highly repetitive sequence is rarely found 
(approximately 3%) among most WSSV sequences [38]. These repetitive sequences 
seem to be homogenously situated in noncoding DNA regions (known as intergenic 
region). These regions consist of nine homologous regions dissected into mini fragments 
containing direct repeats, atypical inverted repeat sequences and imperfect palindromes. 
Although genome-wide studies indicated these homologous regions shown high degree 
of similarity with that of baculovirus and they might presumably act as enhancers of early 
gene transcription and as sites for assembly of DNA replication complexes, the functions 
of the homologous regions remain unclear to date [39,40].  
WSSV contains 531 putative open reading frames (ORF) determined by sequence 
analysis, which could potentially encode functional viral proteins. Almost one third of the 
predicted ORFs are nonoverlapping and about 80% of them possess the sequence 
considered as polyadenylation site (AATAAA) downstream of those ORFs. The function 
of some proteins encoded by predicted ORFs, including structural proteins and non-




Figure 1.2 A schematic diagram showing the genomic organization of the 
circular double-stranded WSSV-CN genome. The positions and direction of 
transcription of corresponding genes are indicated with solid arrows. The G at the 
start (GGATCC) of the largest BamHI fragment is designated position 1. (Adapted 






1.4.2 Immediate-Early Genes (IEGs) 
Immediate-early genes refer to genes synthesized following infection of host cells, 
whereby the expression of IE genes does not rely on prior production of other viral 
proteins. Literally, IE gene proteins are often corresponding to transcription factors or 
DNA-binding proteins, which are required for inducing cascades of the expession of 
viral proteins [41]. Transcription of IE genes is resistant to the inhibition of protein 
synthesis, based on this criterion, several IE genes have been identified using 
microarray and largely amplified by RT-PCR (Table 1-2).  As described earlier, 
wsv069, wsv100, wsv079, or wsv051 were experimentally fused with a GAL4 DNA 
binding domain (DNA-binding domain alone is not sufficient to drive the expression 
of reporter genes) following transformation in yeast. Subsequently, the activated 
transcription of reporter genes (HIS3 and ADE 2) was detected, suggesting these IE 
genes might function as transcription factors. Notably, a strong promoter activity of 
wsv069 was found in Sf9 insect cells. This might be attributed to a STAT-binding 
motif present between nucleotide -94 to -72 of wsv069 promoter region, which 
contributes to its high promoter activity in host cells [42,43].   
WSV083 and WSV249 were readily predicted to contain Ser/Thr kinase domain and 
RING finger domain respectively by comparison with other known domains 
documented in database. Hence, WSV083 was also identified as a kinase in WSSV IE 
proteins, which belongs to the AGC protein kinase superfamily. A pioneering study 
showed that WSV249 was physically bounded with a shrimp ubiquitin E2 enzyme 
and performed as an ubiqutin E3 ligase to mediate the in vitro ubiquitination in the 
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presence of ubiquitin E1 and E2 enzymes. By adoption of these strategies, viral IE 
proteins display significant roles in regulating the host cell physiological conditions 
to benefit viral replication as well as against the host immune defense [42,43].    
Table 1-2 Information of WSSV Immediate-early genes (Adapted from Li, F, 
Virology 2009)  
 
1.4.3 Latency-Related Genes 
By definition, viral latency-related genes describe the genes that are transcribed in the 
period between infection with a virus and the onset of symptoms. Latency was found 
in shrimp which was either experimentally vulnerable with WSSV or remained alive 
the infection. The transcripts of wsv151, wsv427 and wsv366 associated with latency 
phase have been isolated from a specific pathogen-free (SPF) shrimp [44]. Pioneering 
studies revealed Wsv151 might be involved in a gene regulatory activity by 
repressing its own promoter activity and that of thymidine-thymidylate kinase genes. 
However, the molecular mechanism of the promoter activity repressed by wsv151 
remains unknown. Recently, M. S. Shekhar et al. proposed that these latency-related 
genes might function in against host immune response probably via inhibiting the 
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activities of phagocytosis activating protein (PAP). Unfortunately, the mechanisms 
underline these latency-related genes effect on the host-pathogen interaction are still 
poorly understood [45].  
1.4.4. Replication of WSSV in Nucleus:  
1.4.4.1 Chromatin Architecture and Viral Replication 
A periodic nucleosome unit (Fig 1.3), wrapped by 147 base pairs of DNA, consists of 
two copies of histone H2A/H2B dimer and one copy of histone H3/H4 tetramer[46]. 
 
Figure 1.3 Schematic diagram of nucleosome structure (Adapted from studying 
material of Mutagenetics of Southwestern Medical Center)  
Nuclear chromatin is organized into highly condensed nucleosome arrays with 
various modifications at tails of histone core proteins. One of the primary 
requirements of chromatin is to compact a two-meter-long DNA into chromatin fibers 
with a diameter about 30 nm to fit inside the cell [47]. Functionally, chromatin is 
classified into two regimes: constitutive / facultative heterochromatin within the 
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sequences of poorly expressed genes and Euchromatin, which is rich in transcription 
activities. Literally, constitutive chromatin is situated at the regions of centromere and 
telomere, which functionally and structurally affect genes transcribed near them. 
Conversely, formation of facultative chromatin is relatively intriguing as it is 
functionally regulated by histone deacetylations and RNA interference. On the other 
hand, 92% of human genome is composed of euchromatin, which is actively 
transcribed to navigate biological processes [48,49].  
Although chromatin structure is extensively packaged and host cells are implicated 
for the assembly of histones onto viral genome to silence viral gene expressions, 
viruses still can successfully minimize binding with histones and subsequently drive 
efficient virogenic replications [50]. Basically, viruses employ two major methods to 
modulate host chromatin status, including assembling nucleosomes onto viral DNA 
(known as chromatinized DNA) or hijacking chromatin proteins without nucleosome 
assembly for viral replication.  
Present studies showed that HSV VP16 plays an essential role to reduce total 
chromatin-bound histone level in the early stage of infection via recruitment of 
multiple factors using CHIP assay. Chromatin-modifying co-activators CBP, 
SWF/SNF ATP-dependent chromatin remodeling factors, p300 relocate to viral IE 
gene promoters for viral genome replication and gene expressions. Later, ICP0 serves 
as an inhibitor to deactivate histone deacetylation, including Histone Deacetylase 
HDAC 5, HDAC 6, HDAC 7. In addition, the DNA-activated protein kinase (DNA-
PK) is degraded by the viral protein ICP0. It specifically knockdowns the repair 
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machinery of double-strand breaks in DNA by inhibiting the non-homologous end-
joining pathway [51,52]. Consequently, Cryo-EM studies showed the host chromatin 
was progressively vulnerable to DNA damage and the host chromatin ultimately 
became disaggregated at latency phase via unknown mechanisms. Another different 
case was Human Herpes virus 8 (HH8), this type of virus establishes remarkable 
histone modifications populated at viral genome, including H3K4me3 for activating 
latency-genes and H3K9me3, H3K27me3 for suppressing early-gene expressions 
[50]. In summary, the viral-host interaction employs sophisticated mechanisms to 
manipulate histone deposition on incoming viral genomes. This function is required 
for both successful expansion of virogenic activities and maintaining the integrity of 
viral genomes from silencing by host histone proteins.  
1.4.4.2 The stages of WSSV morphogenesis 
 An overview of current understating of chromatin state of WSSV infected host cells 
is shown in Figure 1.3 (a to c) [38,53]. Early TEM studies on experimentally infected 
penaeid shrimp have shed much light on the stages of WSSV morphogenesis (Fig 1.3 
d) [34]. Several distinct morphological profiles corresponding to the different stages 
of WSSV morphogenesis were clearly demonstrated upon ultrastructural alterations. 
The production of virion undergoes a series of replication events occurring in host 
nucleus in an acute infection, during which the host chromatin structure is extensively 
altered.  
Stage 1: The host nucleus in early stage of infection is slightly enlarged and host 
chromatin (electron-rich) is disaggregated adjacent to the nuclear membrane. The 
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homogenous central area of nucleus can be a consequence of fusion of nucleolus with 
the chromatin appearing as electron-lucent region. Given the space exclusion of host 
chromatin content, WSSV viral envelope material continuously accumulates within 
the electron-lucent region appearing as fibrillar membranous fragments (Figure 1. 4 
A). 
Stage 2: Dropletlike masses of acidophilic material surrounded by clear halos within 
nuclei (known as Cowdry type inclusion body), with marginationed and 
disaggregation of chromatin subjacent to the nuclear membrane characterizes the 
morphology of this infection stage (Figure 1. 4 B). Specifically, host chromatin seems 
to be reduced but does not completely diminish in nucleus. The electron-sparse 
chromatin is invariably located around the nuclear membrane appearing as ring-zone 
shape but the electron-rich chromatin is randomly situated along the nuclear 
periphery. Viral capsids and viral envelope fill up the central area of the nucleus. 
Notably, long, rod-shaped structure (LRS) (shown in red arrow, Figure 1. 4 B), 
consisting of mini segments, is also found in this central area. It is presumably 
assumed as nucleocapsid precursors attributed to the diameter and the pattern of 
segmentation, which is comparatively close to that of an empty nucleocapsid.    
Stage 3: In this stage, the viral particle grows, giving rise to the more electron-rich of 
intrannuclear inclusion. The immature and disintegrated viral particles without 
envelope are distributed centrally, whereas the mature virion enclosed inside envelop, 
characterized by the intact nucleocapsid with 12-14 rings of globular protein units 
arranged in a stacked series, is located in the nuclear periphery (shown in red arrow, 
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Figure 1. 4 C). During this stage, disruption of nuclear membrane occurs with loss of 
marginated chromatin, following by fused with lucent cytoplasm.  
Stage 4: Infected cells are severely vulnerable to cell damage and voids derived from 
disintegrated cellular components appearing in both infected and lesioned shrimp 
tissues. Finally, intact viral particles with a tail-like projection are egressed, which 
will be further engaged in next virogenic cycle (Figure 1. 4 D). 
 
Figure 1.4 Transmission electron micrographs of WSSV-infected cells: first stage 
(A); second phase (B) and last phase (C); Morphogenesis of WSSV infection 
(Adapted from J.H.Leu et al, Journal of Fish Diseases 1999); (D): Morphogenesis of 
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WSSV replication (Adapted from CM Escobedo Bonilla et al, Journal of Fish 
Diseases 2008)   
1.4.5 The Highly Aboundant Histone Binding Non-structural Protein VP9 (wsv230): 
The nucleus of eukaryotic cell is a highly compartmentalized structure containing the 
three-dimensional network of chromatin and numerous proteinaceous 
subcompartments. After infection, DNA viruses induce profound changes in the 
intranuclear structures of their host cells that appear highly condensed and disrupted 
morphology, forming a ring-zone located adjacent to the nuclear membrane [54]. The 
rest of the chromatin remained extremely condensed in the central of the nucleus. For 
instance, chromatin morphological changes of human tissue infected by Epstein-barr 
virus has been observed. It showed an abnormal condense and marginated 
morphology of chromatin. This morphological change is caused by the Epstein-barr 
virus protein BGLF4, it has been shown to mediate chromatin condensation through 
phosphorylation on condensin and Topoisomerase 2, in order to provide 
extrachromosomal space for viral DNA replication and successful egress of 
nucleocapsid from the nucleus. Another study showed that, upon canine parvovirus 
infection, the expansion of the viral replication compartment is accompanied by the 
chromatin marginalization to the vicinity of the nuclear membrane [55]. As illustrated 
in Fig 1.4, studies by Cryo-EM showed the electron-rich chromatin, which was a 
consequence of WSSV infection, was obvious [56]. The infected cell appears to 
contain an enlarged nuclear with disruptive chromatin materials along the nuclear 
membrane. Meanwhile, electron microscopy has revealed filamentous structure at the 
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WSSV virion assembly sites. Durand et al. hypothesized that it could be the 
nucleocapsid precursors [57]. However, the other group proposed it could be the 
nucleosome structure [56]. Whether this filamentous structure was nucleosome or not 
is still under debate. Moreover, how the chromatin disruption as well as marginated 
chromatin can be induced is poorly understood. Nevertheless, a pioneering study 
found a non-structural WSSV protein VP9 with capacity in binding with histone core 
proteins [58]. VP9 was first isolated from a cDNA library of a WSSV-infected shrimp 
postlarvea. Transcription analysis by real-time RT-PCR, the transcripts of VP9 started 
to be enriched after 2 h postinfection (hpi) and were continuously present up to 72 
hpi. Surprisingly, as compared to an abundant viral structural protein VP28, the 
transcription level of VP9 was higher (or identical) than that of VP28 found in variety 
of tissues, including heart, stomach, epithelium, lymphoma, gill and so forth [59]. 
Given the prediction by a simulation model, it was considered to possess highest 
number of corresponding cDNA clones among other viral genes documented in the 
library. A confirmation was further provided, by DNA microarray profiling, which 
demonstrated that VP9 had the second highest expression level in all WSSV genes. In 
2006, the crystal feature of non-structural protein VP9 revealed that it implied as a 
DNA binding protein because of a possible DNA recognition region was possible to 
be located at VP9 helix alpha-1 (Thr17-Thr26) and the beta-turn (Ser36-Asp40), 
which was thought to share the homology of a DNA binding protein E1 of papilloma 
virus (Fig. 1.5) [60,61]. However, the isoelectric point of VP9 is 4.2, suggesting that 
it is negatively charged under physiological conditions. Nevertheless, the first 
functional study was conducted in 2008, other researchers proposed that VP9 might 
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play a role similar to a DNA mimicking protein and the packing of crystallized VP9 
was presumably formed as filaments, which arranged in an alterative direction. 
Meanwhile the arrangement of negatively charged amino acid patches (Asp-28, Asp-
7 on monomer A, Asp-37, Asp-39 and Glu-72 on monomer B) are separated into 2 
rows by 25-30Å, which is comparable in scale and configuration to the distance 
between interphosphate on the backbone of opposite DNA strands (22-26Å) [58]. 
Based on this observation, highly expressed VP9 with strong negative surface 
charges, mainly aspartate acid and glutamate acid, is believed to play an important 
role in binding to positively charged histone core proteins. Function analysis using a 
gel mobility assay showed VP9 prevented free histone proteins, including H2A and 
H3, from binding to naked DNA but it failed to replace DNA-bounded histone 
proteins. Given that VP9 does not have any nuclear translocation signal but by 
introducing EGFP tagged VP9 into HeLa cells, the co-localization of VP9 with H3 
and H2A.X has been observed both in the nucleus and cytoplasm at 24hpi and 72hpi 
(hours post-infection) [58]. Based on these findings, VP9 is strongly recommended to 






Figure 1.5 Proposed DNA binding model of VP9. Superimposition of E2 monomer 
(with DNA molecules) on VP9 monomer. DNA is shown in stick representation 
(blue), E2 in ribbon representation (red), and VP9 in ribbon representation (yellow). 
α1 of E2 and VP9 is highlighted in magenta and cyan, respectively, as shown in the 
box. (Adapted from Liu et al, Journal of Virology 2006) 
1.5 Introduction to Methodology 
To gain the insights into VP9-histone binding strength, we employed a combination 
of comprehensive approaches, including Isothermo Titration Calorimetry (ITC), and 
Fluorescent Recovery Afer Photobleaching (FRAP) to illustrate VP9-histone affinity 
capture.  
To dynamically characterize nucleosome behaviours in real time scope and in the 
presence of VP9, we employed single-molecule techniques (e.g. transverse magnetic 
tweezers) to answer whether VP9 specifically facilitates nucleosome formation 




To understand the consequences of VP9 expression on impact on host gene 
transcriptions, we conducted DNA microarray to illustrate the changes in the global 
gene expression profile. This section provides an overview of these major methods 
applied in my project. 
1.5.1 Single-Molecule Manipulation    
When we are looking at biological processes at the bulk measurements level, 
numerous features and details of individual biogenic substances are neglect as the 
direct measurements at single-molecule resolution are not available. Without an idea 
cellular interior environment, such as homogenous distribution of biogenic substances 
population, the bulk measurement usually illustrates average observations and the 
mechanisms might be difficult to be obtained. In addition, the interpretations can be 
intriguing and non-coherent if the subsequent bulk reactions are derived from 
numerous overlaps without being ideally synchronized with the initially reaction. 
In this case, single-molecule measurements would provide a way to decouple the 
collective signals and elucidate individual information from each molecule/reaction, 
regardless of the samples’ homogeneity and reaction synchronization. At single 
molecule level, the motions in biological processes at various scales, including 
modulating DNA supercoiling status by RNA polymerase during replication, 




The force application may be classified into two categories –force clamp and force 
ramp. Force clamp application refers to constant force load on a bio-molecule. On the 
other hand, force ramp renders the force with a controlled rate loading on a bio-
molecule in real time scale. Magnetic tweezers belongs to second category, which 
allows one to perform constant force studies. This technique has been often used to 
study how force regulates mechano-sensitive bio-molecules in real time scope [64]. 
The force range in biological systems typically ranges from pico-Newton to nano-
Newton (pN). For instance, 5 pN to 15 pN force are required to overcome hydrogen 
bonds for melting a double-stranded DNA or RNA hairpin structure [65,66]. The data 
are characterized by the measurement of extension of a single, naked, double-
stranded DNA (dsDNA) at various constant forces (known as Force-extension plot). 
The intrinsic elastic property of the dsDNA is determined by its bending rigidness, 
known as persistent length. The force-extension curve measurement generated by 
fitting the data with a well-established Worm-like chain (WLC) model (details were 
described in chapter 3) ensures us to study the modifications in bending rigidness of 
elastic dsDNA polymer resulted from the effects of DNA-distorting proteins. This 
sophisticated method offers the robust capability of single-DNA stretching to detect 
protein-DNA binding [67].  
1.5.2 Principle of Isothermo Titration Calorimetry (ITC) 
The interactions between proteins are collectively performed to direct cellular 
functions. The binding strength of these interactions is defined as dissociation 
constant (Kd), which is an experimental output to determine whether the interactions 
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occur. By definition, Kd refers to the population of the first free protein equals to half 
of all population of second protein at equilibrium [68]. In principle, we can only 
measure the binding affinity of a reversible interaction. A simple reaction represents 
dissociation constant can be written as:  
  1.1 
Where [A] and [B] represents the concentration of free proteins applied in the 
experimental system whereas [AB] denotes the concentration of the complex formed 
during the bio-molecular reaction. Kon and Koff represents associate rate constant and 
dissociate rate constant respectively.  
In order to understand how precise the interaction underlying protein-protein 
recognition can be achieved, isothermo titration calorimety (ITC) is applied to 
measure the thermodynamic changes in heat during bio-molecular interactions [69]. 
The ITC experimental processes consist of performing a binding experiment that 
successively titrating a potent binding molecule A into the solution containing a 
binding molecule B with respect to time (Fig. 1.6 a). The binding affinity readout is 
monitored by the increment (or none) of heat uptake or release, which is resulted 
from the increment of protein complexes during the successive injections (Fig. 1.6 b). 
When a protein-protein interaction is preferentially occur with the native state of a 
protein, it will stabilize the protein against thermal denaturation. From the increase in 
stability it is possible to estimate the binding affinity. Although this methodology 




extrapolate in temperature in order to calculate the binding affinity at lower 
temperature [70]. 
  
Figure 1.6: Schematic representation of ITC method: (a) Experimental titration of 
proteins (or molecules); (b) measurement of Ka (Adapted from Paranotis L. Kastritis, 
et al 2013)  
1.5.3 Theory of Fluorescent Recovery After Photobleaching 
In 1970s a technique was developed to study the mobility of cellular molecules, 
which was described as Fluorescence Recovery After Photobleaching (FRAP). 
Basically, the mobility is determined by measurement of fluorescent recovery rate at 
a bleached region. In the beginning, this method successfully revealed the diffusion in 
cellular membrane. Nowadays, the advent and availability of both conjugated 
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fluorescent proteins as well as confocal microscopy have promoted the applications 
of FRAP to demonstrate and analyze the protein mobility in live cell interior, 
including chromatin structure, transcription, mRNA mobility, vesicle transport, cell 
adhesion, mitosis, and cytoskeleton dynamics. Generally, the results after frapping at 
a certain region is analyzed quantitatively to illustrate the characteristics of protein 
mobility and binding interactions in that region, or how a particular treatment (such as 
mutation in the protein of interest or depletion of protein transcription) has influenced 
on the properties of mobility. A few models have been extensively developed to 
understand the dynamical process, to ensure the accuracy of a quantitative 
interpretations and to generate significant parameters from a FRAP curve (Figure 1.	  7) [71]. 
                          
 Figure 1.7: Schematic illustrating the FRAP technique (Adapted from L. Spraque 
et al, Trends in Cell Biology, 2005) 
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Properly characterizing the properties of diffusion when interactions are deemed to be 
present is ascertained by analyzing the respective effects of diffusion and binding to 
the recovery curve. In some cases, diffusion is so quick comparing to binding that 
might be negligible, which is described as “diffusion-uncoupled FRAP” and vice 
versa, which is described as “diffusion-coupled FRAP”. The quantitative methods 
required are completely different by analyzing the recovery in these two regimes. 
Qualitative features of diffusion-uncoupled FRAP recoveries: Briefly, the initial 
diffusive phase lasts for only a couple of seconds (usually 1s), but the bleached region 
has not completely recovered yet. Consequently, the recovery occurs due to the 
second phase that binding follows subsequently (usually a few minutes or even 
longer). Histone proteins bound with DNA display such features. The free diffusive 
histone proteins last for only 30 sec but the second recovery phase corresponding to 
the binding state takes more than 510 min. Thus, the FRAP curves interprets the 
interactions, and information can be extracted from a simple inspection of the shape 
of the curve which has been extensively documented by L.Sprague [71]. The recovery 
rate demonstrates the strength of binding state. If the curve lacks of plateau 
(“shoulder” like shape), then it perhaps it is estimated as the exhibition of two 
independent populations in different binding modes, probably one reflects “slow” 
component and the other one represent “rapid” component. The portion of proteins in 
each of these two modes is examined by the location of the plateau, which partitions 
the curve into segment. However, fitting the curve with multiple exponential terms in 
the present of complicated binding states, such as initial weak binding to induce 
conformational change required for another tight binding, has not been discussed in 
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FRAP documentations but can be solved by combination of numerical solutions of 
ordinary exponential equations [72].  
Quantitative features of diffusion-coupled FRAP recoveries: Diffusion-coupled 
FRAP is described as the time required for a certain molecule to across bleached 
region. It is slower, or comparable to, the time for this molecule in association with its 
binding counterpart. Nevertheless, diffusion and binding are overlapped throughout 
the entire recovery, but the diffusion-coupled FRAP curve cannot be simply defined 
into a diffusion phase and a binding phase. Ideally, diffusion-coupled FRAP is used 
to determine an inert, non-binding molecules with variable size, in order to define the 
binding behaviors, such as histone proteins [73].  
1.5.4 DNA Microarray 
A DNA microarray, also known as DNA chip or biochip, is a group of tiny spots 
(usually on a microscopic scale), attached on a solid surface. They are commonly 
used to analyze the level of gene expression on a large scale, usually a large number 
of genes on a whole genome level.  Fluorescent or chemiluminesecent – labeled 
probes or oligos highly specific to a particular gene of interest are bound and 
hybridized to a cDNA or an anti-sense RNA sequence of interest and constitute a 
single DNA “spot” which is in the level of picomoles. The hybridized probes are then 
detected and quantified by fluorophore-based or colorimetric detection methods to 
determine the relative abundance of gene expression in the targets[74]. 
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1.6 Objectives and Significance 
White spot syndrome virus (WSSV) is a large (305 kbp), double-stranded DNA 
eukaryotic virus that has caused serious disease in crustaceans worldwide. So far, 
there is no effective treatment for WSSV infection. VP9 is the most highly expressed 
nonstructural viral protein, which strongly suggests its importance in WSSV 
infection. Previous studies have shown that VP9 de novo interacts with histone H2A, 
H2B, and H3. Hence, it prevents free histone proteins from binding to DNA, 
suggesting it might be a potential promising target in communication with host 
chromatin components in vivo. However, VP9 function in host nucleus is poorly 
understood. And its effect on alteration of host chromatin architecture has not been 
tested yet.  
To gain insights into the molecular function of VP9, the main aims of the study were 
to determine the distribution of VP9 in cells and verify the potential function of VP9 
in alteration of chromatin architecture. In addition, the dynamics of global gene 
expression profile upon VP9 expression will be provided. 
More specifically, the objectives of this thesis include:   
I.  Determine the binding affinity between VP9 and histone core proteins in vitro by 
Isothermal Titration Calorimetry (ITC).  
II. Examine the role of VP9 in impeding or facilitating nucleosome assembly in vitro 
by transverse force microscopy. 
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III. Elucidate the dynamic Hela cell expressed-VP9 distribution with respect to time 
by fluorescent confocal microscopy. 
IV. Examine the solubility of histone proteins extracted by a series of NaCl 
concentration (0 M, 0.3 M, 0.6 M, 1M, 1.5M, 2M) of either control cells or that of 
VP9-trasfected cells.  
V.   Verify the alteration of host histone kinetics in the presence of VP9 using 
Fluorescent Recovery after photo Bleaching (FRAP). 
VI. Identifying the up-regulated and down-regulated genes using DNA microarray 
and analysis the alteration of biological functions upon VP9 expression. 
The in vitro results of histone-VP9 binding affinity by ITC combining with the 
outcome of VP9 performance in impeding or facilitating in nucleosome assembly 
may obtain the evidence how VP9 specifically interplay with histone core proteins. 
Moreover, investigating the role of VP9 in altering host chromatin architecture might 
provide a study model for elucidating double stranded viruses in modulate chromatin 
architecture. In addition, the in vivo study of VP9 distribution and illustration of 
dynamics of global gene expression profile changes could extend our understanding 
on how VP9 epigenetically influence on host biological processes to benefit viral 
replication and assembly. Thus, we might achieve therapeutic benefit from the 
successful design of protein inhibitors based on these findings. 
The mammalian HeLa Cell model used in this study is limited to drug investigations. 
This biochemical study might not be able to fully demonstrate the pathogenic features 
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in shrimp tissues because the biological tool of shrimp tissue culture is not 
commercially developed and maintaining the aquaculture production of shrimp 
requires human power and complex technologies. Though important, developing this 
technology is not included in the scope of the present work. But from this thesis we 
should have an idea how VP9 can modulate the host chromatin architecture, which 






























2.1 Introduction  
The structural property of crystallized VP9 has been revealed previously [58,60]. It 
is considered as a novel protein because none of the classic domains or functional 
sites was found in VP9 sequence. The protein VP9 was enriched in the WSSV-
infected shrimp cells, and could form complexes with shrimp histone core proteins, 
including histone H2A, H3. In addition, VP9 hinders the DNA binding of human 
histone proteins, which was demonstrated using gel mobility assays. Based on these 
studies, VP9 was hypothesized to function as a DNA mimicking filamentous protein 
in cells. However, little is known about its molecular function. The expression and 
morphology of VP9 in eukaryotic cells had not yet been observed and documented. 
This is due to the lack of well-established WSSV-susceptible cell lines. Therefore, 
many scientists are working on alternative cell lines to explore WSSV protein 
function. Establishing an in vitro platform to explore the function of VP9 by 
introducing plasmid to existing human cell lines is important as histone H3 and 
H2A are highly conserved among different species (Table 1-1). Currently, human 
HeLa cell line can be used for transient expression of VP9. To investigate the role of 
VP9 in mediating cell signaling and in many other aspects of cell activities, we first 
aim to build up a system for VP9 expression and optimize physicochemical 
environment for efficient recombinant VP9 production using classical cloning and 
transfection methods. Secondly, fluorescent proteins are widely used to visualize 
physiological events of certain proteins in living cells. In principle, a fluorescent tag 
engineered at the N- or C- terminal region of VP9 might be utilized to directly 
visualize VP9 expression in HeLa cells under a confocal microscopy. However, 
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when the recombinant VP9 is constructed by fusion to a fluorescent tag, undesirable 
interaction between fluorescent proteins can disrupt the function or targeting [75]. 
Therefore, to justify the function of fluorescent-tagged VP9, it was necessary to 
compare distribution of fluorescent-tagged VP9 with the location of pure VP9. 
Moreover, sorting proteins to its correct subcellular compartments is of critical 
importance to the function of the viral protein. Particularly, as VP9 was associated 
with histone core proteins, it was necessary to verify whether VP9 could populate in 
nucleus. We were also interested to characterize the properties of VP9 morphology, 
which might possess distinct filamentous structure as proposed by previous study. 
Besides, VP9 might induce cell apoptosis at the onset of protein expression [59]. To 
validate the nucleus integrity, we analyzed nuclear integrity by quantifying the 
intensity of lamin protein forming the layer subjacent to nuclear membrane. 
These studies will provide a proper platform for downstream study of VP9 functions. 
And thus, they might be also essential for future investigations on drug treatment as 
well as prevention strategies for a WSSV invasion.  
2.2 Materials and Methods 
2.2.1 DNA Cloning Techniques   
2.2.1.1 Polymerase Chain Reaction (PCR) 
To obtain the desired DNA fragment (sub-cloning), the genomic DNA of VP9 was 
amplified by PCR using a high fidelity DNA polymerase PfuUltra (New England) 
with specific primer pairs in DNA thermal cycle model iCycler (BIO-RAD). The 
components of a 50 µl reaction are as follows: 5 µl of 10x reaction buffer, 0.2 mM 
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dNTPs, 2 ng VP9 template, 1µl of 10 µM sense primer 
(CGGAATTCATGGCCACCTTCCAGACTGA), 1µl of 10 µM anti-sense primer (CG GGA 
CTT ATGGCCACCTTCCAGACTGA), 1µl of polymerase and top up to 50µl with 
distilled water. The PCR reaction mix was subjected to the following typical PCR 
condition: a 5 minute initial denaturation at 94°C, followed by 35 cycles of 30 second 
denaturations at 94°C, 30 second annealing at 54°C 1 minute extension at 72°C, and a 
10 minute 72°C final extension.  
2.2.1.2 Agarose Gel Electrophoresis 
The PCR products were analyzed by electrophoresis in a 1% agarose gel. Gel was 
prepared by dissolving agarose powder (Sigma) in Tris-acetate ethylene diamine-
tetraacetic acid (EDTA-TAE) buffer. SYBR safe DNA gel stain (Life technologies) 
was was used at a dilution of 1:100,000. PCR product was mixed with 10 x DNA 
loading dye (3.9 ml glycerol, 500µl 10% SDS, 200 µl 0.5M EDTA, 0.025 g 
bromophenol blue, 0.025 g xylene cyanol in 10 ml total volume with distilled water) 
and ran with a voltage of 5V/cm for 30-40 min. The gel was visualized using Gel 
Doc Transilluminator (Bio-RAD). 
2.2.1.3 Gel Extraction 
The amplified DNA was extracted from the agarose gel using QIAquick® gel 




2.2.1.4 Restriction Endonuclease Digestion 
The enzymes and buffers used for this study were purchased from New England 
Biolabs. pXJ-40 plasmid was used as a vector. VP9 PCR product and pXJ-40 
plasmids were respectively digested in a 50µl reaction, including 5µl of 10x specific 
buffer, 1µl of enzyme (10 Units), 0.5µl of 100x BSA and made up to 50µl with 
distilled water. The mixtures were incubated at 37°C for 3h. The digested products 
were then separated by agarose gel electrophoresis and gel extraction as described 
above. 
2.2.1.5 Ligation 
Ligation was set up as per manufacturer’s instructions (Promega). In a 10µl reaction, 
1 µl of 10x DNA ligase buffer (300mM Tris-HCl at pH 7.8, 100mM MgCl2, 
100mM DTT and 10mM ATP), 1 unit of T4 DNA ligase, 50 ng pXJ-40 vector and 
corresponding amount of VP9 DNA was mixed and incubated at 16°C for 2h. The 
molar ratio between vector and insert is 1:3 to 1:5. 
2.2.1.6 Transformation 
The ligated mixture was cloned into chemically competent E.coli DH5α by calcium 
chloride based standard transformation method (Seidman et al., 2001). The ligation 
product was added into the competent cells and mixed by tapping the tube and 
incubated on ice for 30min, followed by a 1 minute heat shock at 42°C. The tube 
was cooled on ice for another 2 min. 1ml of Luria-Bertani (LB) medium was added 
into the mixture and incubated for at 37°C for 1 hour in shaker swaying at 250 rpm. 
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Competent bacteria were spun down, spread on an agarose plate with 50µl 
ampicillin, following by overnight incubation at 37°C.  
2.2.1.7 Plasmid Isolation and Sequencing.  
Following transformation, positive colonies were picked and cultured in 3 ml LB 
medium with 50 µg/ml ampicilin at 37°C for 14 hour with vigorous shaking at 250 
rpm in a shaker. Plasmid isolation was carried out using QIAprep spin miniprep kit 
as per the manufacturer’s instructions. The plasmids were sent to 1st Base company 
for sequencing. All the tags including fluorescent mCherry, GFP and FLAG were 
engineered at the N-terminal of VP9 sequence [76]. 
2.2.2 Cell Culture 
2.2.2.1 HeLa Cell Culture 
HeLa cells were cultured in Dulbecco’s Modified Eagles’s Medium (DMEM) 
supplemented with 1g/L glucose, 2 g/L sodium bicarbonate, 843 mg/L L-alanyal-
glutamine, 110 mg sodium pyruvate, 10% Fetal Bovine Serum, 100 units of 
penicillin, 100 µg streptomycin (all obtained from invitrogen) in a 75 cm2 tissue 
culture dish (NUNC) in a 37°C incubator (Thermo) with 5% CO2. Media change 
was done once in two days. Once the cells attained 80-90% confluency, they were 
washed twice with 1x PBS buffer and trypsinized by 1 ml of 0.25% Trypsin-EDTA. 
The cells were split into new dishes at the passage ratio of 1:4. Cells within passage 
3 to 28 were used for the experiments.  
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2.2.2.2 HeLa Cell Transfection 
 
Cells were seeded in a 15 cm dish for 12 to 16 hour before transfection. For imaging 
study, 1.3x104 cells were seeded in a 35 mm IWAKI glass botton dish coated with 
fibronectin (sigma). The medium was replaced by carefully pouring 2 ml of pre-
warmed medium into the dish before the transfection solution was added. Cells 
were transfected with TransIT-X reagent (Mirus Bio, Inc) according to the 
manufacturer’s instructions. The transfection mix comprised 0.2 µg DNA plasmid, 
0.2-0.6µl of reagent, 20µl of Opti-MEM® (Gibco). Briefly, plasmids were diluted by 
opti-MEM followed by adding the reagent. Mixture was gently vortexed and 
incubated in room temperature for 30 minutes before being added into the dish 
dropwise [77].  
2.2.3 Immunoassays 
2.2.3.1 Antibodies 
Rabbit polyclonal anti-histone H1, H2A, H2B, H3, H4, anti-mCherry, anti-FLAG, 
anti-histag were purchased from Abcam. Mouse monoclonal antibody against full 
length VP9 was a gift from Xiamen University. Horse Radish Peroxidase (HRP) 
conjugated IgG raised from both Rabbit and mouse serum was purchased from Cell 
Signaling Technology. All secondary antibodies conjugated with Fluor dyes (405 




Cells were rinsed with 1x PBS thrice and fixed with 4% formaldehyde for 15 
minutes at room temperature, followed by three PBS washes and permeabilization 
with 0.2% Triton X-100 in PBS for 15min. They were then washed 3 times with 
PBS, blocked with 5% bovine serum albumin (BSA) in PBS for 1 hour, then 
incubated for 1 hour with primary antibodies which were appropriately diluted in 5% 
BSA. Samples were washed 5 times with PBS, followed by incubation with 
fluorescent conjugated secondary antibodies, which were diluted in 5% BSA (1:500 
dilution), for 1 hour.  
2.2.3.3 Trypan Blue Staining 
To assess cell viability, HeLa cells were simply treated with 0.04% Trypan Blue in 
1x PBS for 10 min at 37°C, which selectively penetrates the non-intact plasma 
membrane of dead cell and eventually incorporates into chromatin [78]. 
2.2.4 Cell Imaging Processing and Statistical Analysis 
2.2.4.1 Fixed Sample Imaging and Image Processing 
To visualize the protein localization of the fixed sample, the samples were imaged 
with a Zeiss or Nikon A1R confocal microscope equipped with 60x and 100x oil 
immersion lenses. The laser power and scanning speed were adjusted properly to 
obtain the images without saturation or over-bleaching. Characterizing the feature 
of lamin B attached to the nuclear membrane was achieved via measuring the line 
intensity across the middle section of nucleus where X and Yaxis represented lamin 
B intensity the height of nucleus respectively. Each focal plane was taken by x, y 
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and z-direction scanning mode. The fluorescence intensity was analyzed by Image J 
software and quantified by MatLab programming [79].  
2.2.4.2 Statistical Analysis 
Data were expressed as standard errors of the mean intensity. Statistical significance 
was determined by Student’s t-test at different significant levels *p < 0.05; **p < 
0.01; ***p < 0.001. 
2.3 Results  
2.3.1 Determination of cell viability by Trypan-blue staining 
Trypan-blue stained cells showed the typical pyknosis feature of apoptosis, which 
indicated the loss of nuclear integrity. VP9-mCherry expressed cells did not display 
such pyknosis feature (Fig 2.1 a, shown by arrow) and were absent of trypan-blue 
signal, suggesting that the recombinant mCherry-VP9 did not lead to the destruction 
of cellular membrane (Fig 2.1 a). The results of plasmid expression efficiency and the 
percentage of dead cells were assessed by Image J (Fig 2.1 b). The transfection rate 
was about 38%. The red column showed that the intensity of mCherry was slightly 
declined from 35% at 24hr to 27% at 72hr, suggesting that mCherry-VP9 proteins 
were probably degraded or perhaps the truncated version of mCherry protein might be 
produced during protein translation, which disabled the detection of fluorescence.   
The column (Fig 2.1 b, blue) illustrated the ratio of dead cells from 24 h to 72 h, 
which ranged from 1% to 2.5% indicating the apoptotic event was insignificant over 
time. Considering this reason, most mCherry-VP9-introduced HeLa cells were 
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capable to survive so that the integrity of cell plasma membrane was not disturbed 
within 72 h after transfection.  
2.3.2 Co-localization of mCherry and VP9 
At 24 h post-transfection of mCherry-tagged VP9 plasmids, cells were fixed and 
stained with VP9 antibody. Figure 2 a (cell 1) showed that the fluorescent intensity 
of immuno-stained VP9 was equally displayed in both cytoplasm and nucleus but 
mCherry was brighter in nucleus. Moreover, another cell (Fig 2 a, cell 2) 
demonstrated that VP9 was only present in cytoplasm rather than in nucleus 
whereas mCherry was preferentially enriched in nucleus. These observations 
suggested: 1) The localization of VP9 was dynamic as it could be present in both 
cytoplasm and nucleus or completely depleted in nucleus but only distributed in 
cytoplasm; 2) after transfection of mCherry-tagged VP9 plasmids, VP9 could be 
detected exclusively associated with mCherry because mCherry localized 
throughout the whole cell but the localization of VP9 was dynamic. These 
observations implied that undesirable disturbed mCherry or mCherry-VP9 was 
suspected to be present in HeLa cells. This speculation is possible and could be 
examined using the western blot. Control HeLa cells were transfected with mCherry 
plasmids but experimental HeLa cells were transfected with mCherry-tagged VP9 
plasmids. At 24 h post-transfection, western blot on the control cell lysates showed 
specificity of mCherry antibody (Fig 2.2 b, lane 1, 26 kDa). However, western blot 
detected several bands in mCherry-VP9 transfected lysates, including an upper band, 
which was corresponding to mCherry-VP9 with a molecular weight of 35 kDa (Fig 
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2.2 b, lane 2) and another two bands with the molecular weight of 28 kDa (Fig 2.2, 
lane 2, red arrow) and 32 kDa (Fig 2.2, lane 2, blue arrow) respectively. Earlier 
studies found that mCherry was observed to be oligomerized by FRET and yeast 
two-hybrid assays [80] . Besides oligomerization in vivo, wild type mCherry has 
another major drawback of maturation in live cell since the maturation period of 
mCherry is much longer than other fluorescent proteins and is often toxic and 
disruptive [79,81]. In our experiments, the western blot results illustrated that these 
two bands (28 kDa and 32 kDa), which showed specificity of anti-mCherry, were 
not visible in control cell lysates, suggesting they were possibly yielded after 
transfection of mCherry-VP9 plasmids. As a result, these two proteins, visualized 
by red fluorescent, were able to spread throughout the whole cell. Because the size 
of these two proteins was larger (2 kDa to 6 kDa) than that of mCherry protein they 
could be a consequence of disturbed mCherry-VP9 during translation or maturation. 
Based on these findings, the mCherry-VP9 construct in determination of VP9 
distribution and the kinetic properties of mCherry fusion protein was not workable 
in this project. Therefore, immunofluorescence detection of VP9 protein was only 
used as an independent tool to illustrate the distribution and potential roles of VP9 
in this project, details are explained in the next section.  
2.3.3 Distribution of VP9 in HeLa cells  
HeLa cells were transfected by VP9 plasmids, followed by immunostaining with a 
validated mouse monoclonal antibody. At the beginning of VP9 expression, about 
87% of cells showed that VP9 was enriched in the nucleus but poorly detected in 
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cytoplasm (Fig 2.3 A, B and C, cell 1), but subsequently after 24 h to 33 h, around 
50% of cells showed VP9 were spread throughout the cytoplasm (Fig 2.3 A2, B and 
C, cell 2). Surprisingly, after 44 h 90% of cells showed VP9 was completely 
depleted in nucleus but was only populated in cytoplasm as well as visualized on 
plasma membrane (Fig 2.3 A, B and C, cell 3). The results suggested VP9 was not 
permanently remained in nucleus but it might dynamically be translocated from 
nucleus to cytosol or the nuclear VP9 might become degraded via unknown 
mechanisms. Moreover, re-distribution of VP9 over time indicated that VP9 might 
undergo equilibrium between nucleus and cytosol. However, VP9 was hardly found 
as fiber like structure, which significantly differs from other filamentous proteins, e.g. 
F-actin filament. On the contrary, the distribution of VP9 was not in a cell 
compartment-specific manner, suggesting that it might possess multiple functions, 
which could be involved in mediating cell signaling, protein-protein interactions, 
chemical modifications and so forth.  
2.3.4 Examination of the integrity of nuclear lamin B protein in VP9-expressed 
HeLa Cells 
We examined whether the nucleus was associated with nuclear abnormality during 
VP9-expression. Figure 2.4 demonstrated intact lamin B, which forms a continuous 
rim around the periphery of the nucleus (A) while degraded Lamin B protein loses 
the connection to the membrane (B). Degraded lamin B displayed the 
discontinuously unshaped feature (C) whereas it was absent in dead cell (D). 
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Lamin B is subjacent to the nuclear membrane, lamin B could be characterized as 
two peaks located at the edge of nucleus but had no projecting inside of nucleus 
(Fig 2.5 a). However, if lamin B loses the connection to the inner layer of nuclear 
membrane in abnormal nucleus, it could be detected in the middle section of the 
nucleus (Fig 2.5 b). 
Comparing with non-transfected control HeLa cells, there was no striking 
deformation of lamin B in VP9 transfected cells after 48 h as well as lacking of 
classic conformation of DNA fragmentation (Fig 2.6), suggesting that the nucleus 
was unimpaired and thus VP9 might not be toxic to HeLa Cells. 
2.3.5 Prediction of VP9 functional sites  
Table 2-2 shows putative motifs on VP9 sequence, which was obtained from The 
Eukaryotic Linear Motif (ELM) resource for functional sites in proteins 
(http://elm.eu.org/). It was developed in European Molecular Biology Laboratory 
(EMBL) and provides biological community of the linear motif classes with 
annotated and experimentally validated instances [82,83]. In addition, this server 
involves extensive literature documents, running BLAST, and extracts information of 
experimentalists and other online databases such as SWISS PROT, SMART.  
The predictions of VP9 functional sites from ELM were filtered by the term of cell 
compartments (cut off 100 of Elm indicator), in which VP9 was populated as we 
described in Table 2-2. At the same time, the information was specific for Crustacea. 
Several predictions might indicate VP9 is able to locate in nucleus, which are shown 
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in Table 2-2 A. First of all, VP9 might contain multiple phosphorylation sites at 
various regions, which are especially prevalent in nuclear proteins, including SUMO 
protein binding sites predominantly located from amino acid of 44th to the amino acid 
of 49th. In addition, FHA domain, a signal transduction module, which recognizes the 
phosphothreonine on the ligand protein, might probably govern the function of VP9. 
Interestingly, a short segment of VP9 (DLDDRVYMVCLKQ) showed similar pattern 
with the Leucine-rich Nuclear Exporting Signal (NES), which may bind to the CRM1 
exportin protein. The conserved NES domain is found as “LxxxLxxLxL” with 
negatively charged residues at each end, where L represents the hydrophobic residue 
(usually Leucine), and x represents any other amino acids [84]. This prediction might 
support the observation that VP9 was in the nucleus once it is produced, but then 
diminished from nucleus but becomes populated in cytoplasm. Therefore, this 
potential functional site probably suggested that VP9 might be transported from 
nucleus to cytoplasm. But more evidences are required to verify the relevant 
similarity of the segment to NES domain. 
There are many other predictions of functional sites of VP9 listed in Table 2-2 B and 
C, which might enable VP9 to distribute in cytosol as well as to attach to the cell 
membrane. However, they are indeed difficult to be addressed by current 
methodology.  
2.4 Discussion 
In this chapter, by the advent of confocal microscopy as well as utilizing classical 
cloning methods, we have investigated to construct and validate the genetic tool for 
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studying the dynamic distribution of VP9 in different cell compartments as well as 
verifying the integrity of nuclear membrane by examining the abnormality of 
nuclear lamin B structure. The loss of Lamin has been linked to gross changes of 
nuclear shape and re-distribution of heterochromatin [85,86]. Further more, it has 
been shown that caspase-dependent of Lamin protein degradation is recognized as a 
prelude to nuclear destruction when the cell was programming to die resulting in the 
discontinuously deformed structure or degradation of Lamin proteins [86-89]. We 
chose Lamin B to be the marker for detecting the integrity of nucleus. Given the 
fact that Lamin B proteins are intimately interacting with nuclear membrane structure 
to underly chromatin, which is a consequence of ultimately retaining hydrophobic 
farnesylated moiety group at C terminal CAAX (cystein-alphatic-alphatic-any amino 
acid) box required for connection to membrane. While Lamin A and C cannot be used 
to underline chromatin resulted from removal of farnesylated moiety group under 
certain conditions [90,91]. Adopted this method, we did not detect any significant 
increase of abnormalities of nuclear lamina as compared to control, indicating that 
the nucleus was intact upon the expression of VP9.  
In addition, we further observed that VP9 was enriched in nucleus before 33h 
transfection but gradually diminished in nucleus after 59h transfection, finally it 
attach to the plasma membrane. It is likely that the association of VP9 with nucleus 
is not stastic process but includes the dynamic exchange between distinct 
nucleoplasmic, cytoplasmic and plasma membrane components. These dynamic 
processes perhaps are witnessed by prediction of functional sites, shown in Table 2-
2 A to C. Furthermore, from structural evidence, researcher proposed that certain 
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region of VP9 is similar to DNA-binding domain of the papillomavirus E2 proteins, 
which is involved in regulation of transcription [61]. So far, reported proteins 
involved in transcription regulation but harboring back to the cell plasma membrane 
are clusters of some steroid receptors [92-94]. The dynamic distribution of VP9 
probably shares the similar trait with those steroids receptors or steroids receptor 
coactivators, such as Hic-5 (hydrogen peroxide inducible-clone5). Hic-5 acts as a 
scaffold protein at focal adhesion but it is recruited for the asssembly of 
transcription complexes in nucleus after selectively activated [95]. Some of viral 
proteins are able to translocate from nucleus to cytoplasm (rather than plasma 
membrane), such as ICP0 of HSV-1[96]. Nevertheless, few studies have 
documented viral proteins are dwelling between nucleus and plasma membrane. 
Moreover, it is insufficient to assure the consistency of biological relevant actions 
between VP9 and sterioid receptors in mediating transcription by a single inspection. 
Presumably, these dynamic processes might just indicate that VP9 possesses 
multiple functions. Perhaps, as estimated by our group, in the early stage of viral 
life cycle, VP9 prevents the occupancy of host histone proteins and thus creates the 
favorable chromatin environment for viral replication, assembly and compaction. 
Once the chromatin environmental determinants are altered, it can further influence 
the recruitment of VP9 in other cell compartments, which might be required in the 
late stage of viral life cycle. Notably, VP9 is not found in viral particles. Relocation 
from nucleus to other cellular partners might be adapted to exclude VP9 from 










Table 2-1 A: Comparison of histone H2A amino acid sequence between shrimp and 
human  
       Species Position  Amino acid of H2A 
Litopenaeus vannamei (shrimp) 1 to 59 MSGRGK-GGKVKGKSKSRSSRAGLQFPVGRIHRLLRKGNYAERVGAGAPVYLAAVMEYLA 
Overlay sequence  MSGRGK GGK + K+K+RSSRAGLQFPVGR+HRLLRKGNYAERVGAGAPVYLAAV+EYL 
Human H2A 1 to 60 MSGRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLRKGNYAERVGAGAPVYLAAVLEYLT 
Litopenaeus vannamei (shrimp)  60-123 AEVLELAGNAARDNKKTRIVPRHLQLAIRNDEELNKLLSGVTIAQGGVLPNIQAVLLPKKTE 
Overlay sequence  AE+LELAGNAARDNKKTRI+PRHLQLAIRNDEELNKLLVTIAQGGVLPNIQAVLLPKKTE 





Table 2-1 B: Comparison of histone H3 amino acid sequence between shrimp and 
human 
       Species Position  Amino acid of H2A 
Litopenaeus vannamei (shrimp) 1 to 59 RKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTELLIRKLPF 
Overlay sequence  RKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTELLIRKLPF 
Human H3 1 to 60 RKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTELLIRKLPF 
Litopenaeus vannamei (shrimp)  60-123 QRLVREIAQDFKTDLRFQSSAVMALQEASEAYLVGLFEDTNLCAI 
Overlay sequence  QRLVREIAQDFKTDLRFQSSAVMALQEA EAYLVGLFEDTNLCAI 





 Figure 2.1 Mcherry-VP9 transfection rate and cell viability: (a) Representative 
image of cells transfected with Mcherry-VP9, cells containing trypan blue (indicated 
by white arrow) demonstrated apoptotic status; (b) VP9 transfection rate validated by 




Figure 2.2 Disassociation of VP9 and mCherry after mcherry-VP9 transfection: 
(a) Representative images of mcherry-VP9 transfected cells co-stained by VP9 (blue) 
and histone H3 antibodies (green); (b) Western blot using anti-mCherry antibody on 
mcherry-transfected and mcherry-VP9-transfected HeLa cell lysates (Lane 1 and lane 
2, respectively); Red and blue arrows indicated possible disturbed mcherry or 




Figure 2.3 Spatial localization of transfected VP9 over time (±SD, n = 76-126, bar: 
16 µm): (a) Representative confocal images of VP9 distribution from basal to apical 
plane; (b) Percentage of cells with more VP9 in nucleus than in cytoplasm over time; 





Figure 2.4 The morphology of lamin B (green) in nucleus (DAPI staining, blue) 
in different stages: Intact Lamin B (A); Degraded lamin B (B); Broken lamin B (C); 







Figure 2.5 Quantification method of line intensity profile at middle section 







Figure 2.6 Quantification of lamin B intensity profile in control and VP9 
transfected cells (n=55-160): (a) Representative confocal images of co-stained VP9 
(yellow), lamin B (green) and nucleus (DAPI: blue); (b) Percentage of cells with 








Table 2-2 B: Putative VP9 functional site, which may enable VP9 to populate in cell 
cytosol 

















The structure and sequence analysis of non-structural protein VP9 revealed that it 
could be a DNA binding protein, which was thought to share the homology of a DNA 
binding protein E2 of papilloma virus[61]. Subsequently, the VP9-DNA binding 
model was proposed in 2006, which was shown by the superimposition of E2 
monomer (with DNA molecule) on VP9 monomer (Fig 1.5). This predicted DNA 
recognition region was possible to be located at VP9 helix alpha-1 (Thr17-Thr26) and 
the beta-turn (Ser36-Asp40). Notably, the isoelectric point of VP9 is 4.2, suggesting 
that it is negatively charged under physiological conditions as DNA does. Mapping 
the VP9 and DNA interactions using gel mobility assays was failed (data not shown). 
Thus, other group proposed that VP9 might play a role similar to a DNA mimicking 
protein[58]. So far, there are 16 DNA mimicry viral proteins have been documented, 
which functionally inhibit host cross-reactions with metabolizing proteins involved in 
immune system[97]. To protect against pathogen invasion, host DNA can be 
recognized by region or sequence-specific modifications, by which the “friendly” 
bases belong to host shall not be cleaved by a restriction endonuclease. However, to 
drive the production of viral genome, DNA mimicry proteins knockdown this defense 
mechanism in terms of mimicking the host-endogenous bases so that the replication 
of host DNA is not conflicted between two different genomes—host genome and 
viral genome. Although these DNA mimicry proteins are structurally diverse, 
basically they generate overall charge pattern characterized by the patches of aspartic 
and glutamic acid, by which mimics the distribution of negatively charged phosphate 
group of DNA[98,99]. An example is homodimeric Ocr protein of bacteriophage T7, 
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which can mimic the backbone of DNA in surface charge distribution as well as in 
the shape of DNA rod. The binding affinity of DNA to restriction enzyme I is about 2 
× 1010M. However, Ocr filament mimics approximately 33.6°C bending of DNA 
helical axis, which effectively enhances 50 fold binding efficiency than the one of ß-
strand DNA. As a result, Ocr blocks host protection function via succeed in 
eventually binding to restriction enzyme I [100]. Another example is Uracil-DNA 
Glycosylase Inhibitor (UGI), expressed by bacteriophage PBS2. Uracil-DNA 
Glycosylate (UNG) keeps the genome free from uracil that is caused by spontaneous 
deamination of cytosine or incorporation of dUTP during replication. UNG normally 
binds to DNA with an affinity of about 185nM, however, it can bind to UGI with a 
much higher affinity of 8nM, thus forming an irreversible complex, which will then 
deactivate Uracil removing activity. Therefore, UGI functionally protects viral 
genome from being targeted by host enzymes via incorporation of uracil residues 
instead of thymine residues [101]. In 2008, people found that the packing of 
crystallized VP9 was formed as helical filaments. Meanwhile the distribution of 
negatively charged amino acid patches (Asp-28, Asp-7 on monomer A, Asp-37, Asp-
39 and Glu-72 on monomer B) are separated into 2 rows by 25-30Å, which is 
comparable in scale and configuration to the distance between interphosphate on the 
backbone of opposite DNA strands (22-26Å). Further more, VP9 was found to form 
complexes with histone core proteins using far westernblot, suggesting that VP9 
might be able to be association with host histone proteins[59]. To gain the insights 
into the VP9-histone binding properties, isothermo titration calorimetry (ITC) was 
introduced to determine dissociation of VP9-histone interaction. 
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Besides, biophysical studies of existing chromatin interacting with VP9 can be 
approached by chromatin assembly assay in vitro. There are many methodology have 
been described so far. Cellular extracts from Xenopus laevis oocytes and eggs or 
Drosophila melanogaster embryos can remodel naked DNA into nucleosome arrays 
similar to those in living cells but can also be manipulated biochemically to 
investigate the function specific components. However, until 1999, there have been 
few investigations of extract-assembled chromatin at the single-molecule or 
ultrastructural level. Such studies might be especially useful for understanding 
chromatin higher-order structure, which has been difficult to visualize in extracts and 
many other systems. In an effort to characterize single-molecule dynamics of 
physiological chromatin, Yanjie’s group (at MechanoBiology Institute of Singapore) 
has reported that naked, random-sequence DNA could be folded by 20-fold-diluted 
egg extract against forces of a few piconewtons (pN) and could be unfolded by 
applying forces ≥4 pN. The folding process was dependent on ATP hydrolysis, while 
unfolding had a characteristic step size of ~147 bp (50nm), suggesting that 
nucleosomes were successfully assembled along the DNA [102].  
By using this established platform I was able to examine whether VP9 is a DNA 
binding protein as well as to determine if VP9 has any effect on nucleosome 
formation; Single molecule study enabled us to detect mechanical property of 
chromatin and explored potential conformational changes of chromatin in the 
presence of VP9. 
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3.2 Material and methods 
3.2.1 DNA cloning of VP9 construct  
Preparation of VP9 construct refers to the material and methods of chapter 2 
3.2.2 Protein Expression and Purification 
This protocol was adapted from C. J. Lim. VP9 gene was cloned into the pET-15b 
expression vector to induce over-expression of C-terminal His-tagged VP9. The 
expression construct was cloned into the BL21 (DE3) E. coli expression strain using 
heat-shock transformation method. Transformants were selected on ampicillin agar-
plate and used to initiate 1 Litre growth culture using LB media containing ampicillin. 
The culture was grown at 37 °C until it reached an OD600 of 0.6-0.7 before IPTG was 
mixed to induce over-expression of VP9. The cells were collected via centrifugation 
and lysed using sonication. The lysate was then centrifuged to sediment the debris, 
and the supernatant was collected and then adjusted to a final concentration of 1 M 
NaCl and 20 mM immidazole. 
His-tagged VP9 from the lysate supernatant was purified using Gravity-assisted 
immobilized metal affinity flow column Nickel-charged resin (Ni-NTA Agarose, 
Qiagen). The lysate supernatant was added into a gravity-flow column with bedded 
nickel-charged resin, washed with 10 ml of washing buffer (20 mM immidazole in a 
50 mM phosphate, 500 mM NaCl buffer), followed by washing with 1 ml of pre-
elution buffer (100 mM immidazole) to remove any unbound non-specific proteins. 
The His-tagged VP9 protein was then eluted with 2.5 ml of elution buffer  (containing 
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250 mM immidazole) in volumes of 500 μl. The eluted protein was run with SDS-
PAGE to determine the purity and molecular weight of the protein for verification 
purpose. The concentration of His-tagged VP9 protein is measured using Nanodrop 
ND1000 (Wilmington, U.S.A.) using known VP9 absorbance extinction coefficient. 
Protein identity was verified further with mass spectrometry analysis. Glycerol was 
added to the protein to 20% v/v for cryo-protection when storing in -20 °C [103].  
3.2.3 Isothermal Titration Calorimetry 
The interation between VP9 and Histone H3 was characterized using isothermal 
titration calorimetry. Protein and stock solutions of VP9 and histone H3 were 
contained in a buffer consisting of 20 mM Tris-HCl (pH 7.4) and 150 Mm NaCl. The 
ITC experiments were performed using a VP-ITC calorimeter (Microcal, LLC) at 
24°C with 0.4 ml of 10uM VP9 in the injector cell and 1.8 ml of 1uM histone 
H3protein in the sample cell. All samples were thoroughly degassed and centrifuged 
to remove precipitates. 10 µl / per injection volumes were used for all experiments. 
The injections were done at 5-minute intervals between two consecutive injections to 
reset the baseline. As control experiment, titration of water-water buffer was done and 
subtracted from each experiment to adjust for the heat of dilution of water. ITC data 




3.2.4 Transverse Magnetic Tweezers Experiment Setup:  
The experimental set up (Fig. 3.1) was adapted from X. H. Zhang and co-workers 
[105,106]. Briefly, the longer edge of a No. 0 coverslip was polished extensively to 
obtain a visibly flat edge to minimize the diffraction shadow size under under 
microscope. The polished edge was coated with streptavidin to allow specific 
tethering of single DNA, which was labelled with biotin at both ends. Briefly, a flow 
chamber was constructed to accommodate polished edge of coverslip extended into 
the centre of the flow chamber. This allowed us to distinguish the polished edge 
where the DNA tethers will reside. A long DNA tether (> 4 µm) was required for the 
transverse magnetic tweezers experiment as there was typically a diffraction shadow 
size of 1-2 µm along the polished edge under objective magnification. Hence in this 
work, the λ-DNA, which was ~ 16 µm (48,502 bp) in length, was used. A longer 
DNA tether will reduce the error in estimating the actual DNA extension due to the 





Figure 3.1: Transverse magnetic tweezers setup: (A) Representative schematic of 
the transverse magnetic tweezers with the DNA tether in an inverted microscope 
setup. (B) The DNA was tethered at both ends using the strong biotin-streptavidin 
conjugation with the streptavidin-functionalized edge and magnetic bead (Adapted 
from C.J. Lim). 
Phage λ-DNA were purchased from invitrogen (Life Technology, Ltd) both DNA 
ends were labelled with biotin using polymerase method to form the Biontin-λ-Biotin 
DNA construct. A low concentration (5 ng/µl) of the B-λ- B DNA was added into the 
flow chamber and incubated for 10 minutes to allow one end of the DNA to bind to 
the streptavidin edge as well as achieve low DNA tether density so that the tethers are 
fairly spaced apart. The remaining unbound B-λ-B DNA was washed away with 
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1xPBS buffer before adding 2.8 µm sized streptavidin-coated magnetic beads 
(Dynabeads M-280 Streptavidin, Life Technology) and then incubated for another 10 
minutes to wait the other end of the tether DNA for binding to the beads in terms of 
forming a DNA tether. To manipulate the DNA tether, a permanent magnet (5 mm 
diameter) was brought close to the flow chamber to impose a magnetic force on the 
bead, in parallel geometry with the DNA tether. A long working distance 60X 
microscope objective was used to image the DNA tether onto a CCD camera (Pike F-
032, Allied Vision Technologies, Germany), which enabled us to record the images at 
100 frames per second. To measure and record the DNA tether extension in real-time, 
a program written by LabVIEW (National Instruments, US) was applied. The sub-
pixel localization of the magnetic bead was obtained in real-time using centroid 
tracking method, and subtracted with the coverslip edge to obtain the DNA tether 
extension. The applied magnetic force was calculated using the following equation:   
                                             3.1 
Where KB is the Boltzmann constant, T is temperature, Z is the DNA extension and 
<δx2> is the transverse fluctuation along a direction perpendicular to the force 
direction. The force applied on the DNA tether can be modulated by changing the 
distance between the flow chamber and magnet bead, which was remote-controlled 
by the LabVIEW program. The force-extension curve of the DNA tether was then 
obtained by measuring the DNA tether extension at various magnet position and thus 
at various pulling force [107]. 
To determine if the DNA was singly tethered or multiply tethered, the measured 
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force-extension curve was fitted with the Marko-Siggia worm-like-chain model. The 
fitted parameters yield the estimated DNA contour length and persistence length. A 
single DNA tether should have a persistence length value of ≈ 50 ± 5 nm in a buffer 
condition of 150 mM KCl and pH 7.4 (i.e. in PBS buffer). The fitted DNA contour 
length should also be near the value of the theoretical contour length of the DNA used 
in the experiment (for λ-DNA, it is 16,490 nm). After a single DNA tether was 
confirmed, we can then added the proteins or changed the buffer using a mechanical 
syringe pump (NE-1000, New Era Pump Systems, Farmingdale, N.Y.) which 
minimizes mechanical perturbations to the sensitive measurements. The force- 
extension curves of the DNA or DNA-protein were fitted with the high-force regime 
approximation of the Marko-Siggia WLC model: 
3.2 
to calculate the apparent persistence length, A of the DNA-protein complex. For 
naked DNA, this equation is valid for imposed force as low as ≈ 0.08 pN. The fitting 
will yield two parameters; apparent persistence length, A and DNA contour length, L.  
After adding the proteins, force-extension curve measurements were performed by 
gradually reducing the pulling force in a step-wise manner until it was at ~0.1 pN 
before reversing the process (increasing the pulling force). At every pulling force, the 
DNA extension was recorded for 60 seconds till DNA extension became steady. 
Value was calculated by averaging the data in the last 30 seconds. The forward and 
reverse force scans were compared to examine if there was any hysteresis, which 
would imply the presence of protein-induced DNA folding / unfolding events. 
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3.3 Results  
3.3.1 Thermodynamics of VP9/histone H3 binding 
The interactions between histone H3 and VP9 were examined by using Isothermal 
titration calorimetry (Fig 3.3). The amount of VP9 polar surface appeared quite large 
to be accessible by histone proteins. In this system, the heat capability change was not 
only introduced by the conversational contact between VP9 and histone H3 but also 
was coupled with the conformational changes of proteins driven by the binding free 
energy. We expected to observe VP9-histone interaction reflected by hysteresis 
model. However, as illustrated in Figure 3.3, heat capacity change was not observed 
(Figure 3.3 B) when we compared the experimental hysteresis model with water-
water control experiment (Figure 3.3 A), implying the binding of VP9-histone H3 in 
vitro (without DNA) was minimal (below 100nM) or none at all. 
3.3.2 DNA-VP9 interaction 
Forward and reverse force-extension measurements of a single λ-DNA tether were 
performed respectively in the presence of 0.01, 0.1, 1mg/ml VP9 (Fig 3.4). The 
extension of single naked-DNA was measured at 4 different constant forces: 0.17 pN, 
0.46 pN, 1.19 pN and 3.21 pN. Naked DNA was initially held at 3.21 pN, before the 
force was subsequently decreased to 0.17 pN. At every force (15-30 s), we took 
average data as the extension of DNA. In the presence of VP9, the extension of DNA 
was measured under the same force (Fig 3.4 a), but there was no observed hysteresis 
or significant folding event with respect to time (Figure 3.4 b). When the force was 
subsequently decreased to 0.17 pN, the extension of naked DNA was 10.8 um. 
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However, in the presence of VP9, the extension of DNA under the same pulling force 
was 11.2 um. This difference implied that the stiffness of the DNA was slightly 
increased. (Note: the decrease of extension occurs when force drops from a higher 
value to a lower one. It was not VP9 induced folding events, but elastic response of 
DNA [108]). Nevertheless, the stiffness became saturated at higher VP9 protein 
concentration as the DNA extension was in the range of 11.2 um (0.01 mg/ml of 
VP9) to 11.3 um (1 mg/ml of VP9), suggesting that the interaction between VP9 and 
DNA occurred, but it was negligible or minimal. However, VP9 was presumably a 
DNA-mimicry protein and thus the negatively charged glutamine exhibited on VP9 
surface, which would lead to charge expulsion between VP9 and DNA, the DNA 
folding or stiffness was estimated to be zero. Since slightly increased stiffness of 
DNA was observed, we might attribute this to an existing novel DNA-binding 
domain of VP9, which could induce the interaction between VP9 and DNA. 
3.3.3 VP9 in impeding of nucleosome assembly 
Nucleosome assembly mediated by NAP-1 
We first constructed nucleosome assembly using a histone chaperon NAP1 protein. 
Based on this, we would have the comparison of different behaviors between VP9 
and NAP1 in mediating nucleosome assembly. In the presence of NAP1, newly-
formed nucleosome property was characterized by a 50 nm step in terms of a distinct 
DNA structure formed by interaction between 140bp DNA sequence and nucleosomal 
histone (Fig 3.5 c). However, for the magnetic tweezers experiments, the NAP 1: 
histone octamer ratio was not easily defined due to the nature of single-molecule 
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manipulation experiments where the number of DNA tethers was not exactly known 
and could vary in different flow chambers. Nevertheless, given the fact that the 
density of DNA tethers in a flow chamber was controlled to be low and hence only 
the concentration of histone octamer-NAP 1 complexes was meaningful. In order to 
keep consistent number of nucleosomes on constituted chromatin fiber, this may be 
circumvented if we added pre-incubated histone octamer-NAP 1 complexes of a 
specified ratio, which was much higher than the concentration of in vivo. Chromatin-
like structure was assembled suggested by concomitant apparent shortening of DNA 
and took place at force not exceeding 6pN (Fig 3.5 a). As revealed in Figure 3.5 b, 
chromatin-like structure was the basis of how NAP 1 organized histone octamer upon 
naked DNA reflected by stepwise unfolding events. 
Nucleosome assembly mediated by VP9 
Figure 3.6 (a to c) showed the performance of VP9 in nucleosome assembly 
procedure. Briefly, the DNA tether was held at 6.13pN. The DNA extension was 
obtained by measuring it at different force points, starting with decreasing the force 
and thereafter increasing the force again. This step allowed us to determine the 
intrinsic DNA extension before the folding event occurred, which was introduced by 
histone octamer. After adding of protein, the force was subsequently switched to each 
desired measurement force for 1 min. At 100 nM histone octamer concentration, a 
sudden extension drop took place at 6pN, implying DNA was quickly folded by 
histone octamer (Fig 3.6 a). Thus, lower constant pulling force encouraged DNA 
folding. The drops with concomitant apparent shortening of DNA were clearly 
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illustrated with respect to decreasing of pulling force from 6 pN to 0.2 pN. But it 
should be pointed out that shortening of DNA tether became stable (300 sec) with the 
extension about 1.5 um at 0.1 pN, suggesting the folding events were saturated. 
Hence, considerable unfolding between the forward force and reverse force scans at 
6.13 pN (Fig 3.6 a, shown in red color) was not observed suggesting that folding of 
the DNA tether was irreversible in the presence of histone octamer. This could be 
seen from the shorter DNA extension at 2 um in the presence of 100 nM histone 
octamer as compared to the naked DNA (about 16 um), approximately 14 µm long of 
DNA had been folded by nucleohistone (Fig 3.4 a) in 1000 seconds. 
However, in the addition of 100 µM VP9, the drop of DNA extension was negligible 
when the pulling force was subsequently decreased to 1.9 pN (Figure 3.6 b). The 
slight shortening of DNA tether was only found at lower constant force points (0.2-
0.88 pN). Moreover, the level of DNA folding was significantly reduced to 10 um. 
This can be explained by the kinetic competition between VP9-histone and histone-
DNA and thus with higher VP9 concentration, the DNA folding will be reduced or 
none at all. To prove this prediction, the same DNA tether was initially held at high 
DNA tension (~ 6 pN) to prevent histone octamer mediated condensation (small 
portion of core histone proteins were still bound with DNA), then a mixture of 100 
nM histone octamer and 350 µM of VP9 was quickly added into the flow chamber (< 
30-50 seconds) before the DNA pulling force was gradually reduced to ~ 0.19 pN so 
that we might observe the hysteresis / DNA folding. As expected at higher 
concentration of VP9, the level of DNA folding did not exhibit striking differences 
compared with the previous performance in the presence of 100 µM of VP9. 
 74 
 
Nevertheless, the extension of DNA was almost recovered at 6 pN (Fig. 3.6 c). We 
attributed this to a reduction in histone DNA-binding affinity in the presence of 350 
µM VP9 concentration, which lead to minimal or loss of binding of histone proteins 
on the DNA tether.  
To prove VP9 specifically inhibited histone binding to DNA, a control experiment 
was conducted by replacement of VP9 to BSA (Fig. 3.6 d). BSA was a negative 
charged protein with a similar electric point 4.2 compared to 4.3 of VP9.  In the 
addition of BSA, we observed the extension of DNA was abruptly decreased 8um 
after the pulling force was gradually reduced to 0.9 pN. Hence, DNA unfolding under 
pulling force of 6 pN was not observed (Fig. 3.6 d). It should be drawn attention that 
histone octamer alone (100 nM) under the pulling force of 0.9 pN, the extension was 
also decreased about 8 µm (Fig. 3.6 a), but the same VP9 concentration (100 µM) and 
buffer condition the extension was decreased about 4 µm, suggesting BSA did not 
significantly impede histone octamer-DNA interaction. According to our results, VP9 
could not act in concert with histone proteins in folding / unfolding events and the 
behaviors of VP9 was clearly distinct from BSA. The findings differed from the 
hypothesis that the electrostatic feature of VP9 mimicking DNA to hijack histone 
proteins because the interaction between histone and VP9 was not simply resulted by 




Formation of the basic and repetitive unit nucleosomal structure of chromatin is by 
wrapping of 50 nm (about 150 bp) of DNA around octameric structure of four histone 
proeins (Fig. 3.2).  
 
Figure 3.2 Schematic presentation of nucleosome structure (Adapted from 
Alexander Ferrera, studying material 2009) 
Nucleosome are participating in energy-dependent multiple biological tasks, such as 
trancription, DNA replication, epigenetic regulation, DNA repair and so on. Thus the 
entire procedures of nucleosome formation are not spontaneously assembled if excess 
positive charge of histone protein is not shielding by other proteins. Directly mix 
DNA and histone proteins under in vitro physiological conditions, they tend to form 
insoluble aggregates, which improperly and prematurely interacts with DNA 
[109,110].  This phenomenon was clearly demonstrated in our experiment (Fig 3.6 a). 
Correct and rapid assembly of nucleosome in synchronization with transcription, 
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repair and replication is required a cluster of elaborate and partly redundant 
machineries, which are composed of acidic histone chaperons [111]. Histone 
chaperone Nucleosome Assembly Protein 1 (NAP1) is one of those chaperones, 
which is well known in maintaining / assembly nucleosome structure via 
sophisticated mechanisms. Briefly, each dimeric NAP1 transfers (H3/H4)2 tetramer 
onto DNA and following by incorporation of H2A/H2B dimmer with (H3/H4)2 
tetramer [112,113].  
Characterizing the properties of nucleosome is reflected by a 50 nm drop in terms of a 
distinct DNA structure formed by interaction between 140 bp DNA sequence and 
core histone proteins, which was roughly revealed in Figure 3.5 VP9 was revealed to 
bind with histone core proteins and blocked monomeric histone H2A-DNA, H3-DNA 
interactions. Other researchers suggested that under an in vitro situation, certain 
histone chaperon alone could also destabilize histone-histone and monomeric histone-
DNA interactions (nucleolin is known to destabilize H2A/H2B dimer) [114]. Taken 
this reason, we were encouraged to verify whether VP9 could indeed affect 
nucleosom assembly if we mixed VP9 with intact histone octamer proteins rather than 
with monomeric histone core protein. In our experiments, comparing the behaviors of 
VP9 with NAP-1 in mediating nucleosome assembly, VP9 was unable to assemble 
histone octamer to form nucleosome. As a result, histone aggregates lost its tendency 
to fold DNA in the presence of VP9 (Fig 3.6 b and c). But acidic NAP-1 proteins can 
function in concert with those histone proteins to assemble them into correct 
nucleosomal structure. Based on the different consequences in nucleosome formation, 
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we confirmed that VP9 is not a histone chaperon but it may impede DNA folding and 
affect the nucleosome formation, which showed the agreement with previous study 
that VP9 prevented histone-DNA interaction. 
Here, we also quantitatively explored the VP9-DNA interaction using magnetic 
tweezers, which provided the basis for our understanding of other functions of VP9 as 
well as provided information on the extreme upper limits of VP9-DNA interaction 
dynamic properties. It should be drawn attention to that VP9 could negligibly induce 
the stiffness of DNA. This phenomenon was not documented in previous studies. 
Notably, VP9 has little effect on direct H3-VP9 binding without DNA (Fig 3.3). We 
attributed this to lack of an initial binding phase of VP9 in the absence of DNA. 
Probably, this first binding phase is a weak DNA-VP9 bound state, which might be 
partially revealed in Figure 3.4. This binding phase might presumably induce a 
conformational change of VP9 that enabled a second reaction to occur, in turn, 
yielded a more tightly bound state required by H3-VP9 interaction. Taken together, 
VP9 might probably be involved in impeding nucleosome assembly that makes host 
chromatin vulnerable to chromatin instability. This mechanism seems to be quite 
novel because other pathogen usually targets host histone chaperon, such like VP22 
of HSV-1. VP22 directly interacts with histone chaperone template-activating factor 1 
to abort nucleosome assembly. Clearly, targeting on highly aboundant histone 
proteins are extensively energy consumable. However, VP9 was also found largely 
expressed in host tissues as well as verified to have the greatest expression level 
among other WSSV proteins (except VP28, a structural protein of viral particle). 
Conversely, VP9 may impair the regulation of transcription, perhaps alters the spatial 
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architecture of chromatin via impeding nucleosome assembly as well as alters global 
host gene expression profile. In addition, VP9 might be capable to deprive host 
histone proteins from DNA binding site. This function would necessarily protect viral 
genome from being vulnerable to unexpected association with host histone proteins 
proteins during viral DNA replication and compaction. 
Figure 3.3 VP9 and H3 binding affinity measured by ITC: (A) Control: deionized 





Figure 3.4 The interaction between VP9 and DNA: (a) DNA/protein force 
extension curve. The extension of single naked-DNA has been measured at 4 
different constant forces ranging from 0.1 pN to 7 pN, each force is denoted by a 
unique color, its value is listed in the figure legend. In the presence of VP9 with 
different concentration, the extension of DNA recorded at these 4 points remains the 
same level; (b) DNA/protein interaction time course. During a certain time, the 
grouped constant force is individually reduced from 3 pN to 0.1 pN then it is 
individually recovered paralleling the previous group. The extension of DNA, in the 
presence of VP9 with different concentration, is measured hour by hour at each 






Figure 3.5 Pre-assembled nucleosome by NAP1 and histones: (a) 3.6 uM histone 
was pre-incubation with 10 uM NAP-1for 2h at physiological condition. Dramatic 
folding event of DNA induced by histone octamer in the presence of NAP-1 was 
observed. The time course was recorded at constant 5 pN.(b) The dynamic change of 
dramatic unfolded DNA. The time course was recorded at constant 15 pN. (c) 
Unfolding of DNA presented by stepwise event.  Unfolding of DNA is denoted by a 















Figure 3.6 specifically impeded DNA folding mediated by histone octamer: (a) 
The grouped constant force is individually reduced from 7 pN to 0.1 pN for 800 sec, 
the dynamic properties of DNA was monitored by the extension change at each 
constant force. Then the force was recovered to the original 7 pN, the extension of the 





folding in the presence of 100 uM of VP9.(c) The dynamic properties of DNA folding 
in the presence of 350 uM of VP9. (d) The dynamic properties of DNA folding in the 
presence of 350 um BSA. Noted: VP9 was pre-incubation with histone octamer at 
























As shown in Chapter three, protein VP9 was revealed to specifically impede the 
folding of DNA mediated by the histone octamer under in vitro physiological 
conditions. However, in live cells, the folding of chromatin fiber is dynamically 
maintained between the linker DNA and other nucleosomes on the contoured surface 
via a favourable electrostatic interactions [115]. As a consequence to this interaction, 
the access of chromatin-bound histones is relatively difficult as negatively charged 
VP9 is required to overcome its electrostatic repulsion with DNA. In 2008, other 
studies illustrated that VP9 expression was unable to replace DNA-bounded histone 
proteins under in vitro conditions using gel mobility assay. Hence, the soluble 
histones (free histones) constitute only 9% of the total histone proteins [77]. They are 
actively bound with other proteins (such as variety of histone chaperones, 
acetlytransferase and so forth), which are involved in transcription, replication, and 
chromatin remodeling. The interaction between VP9 with soluble histones might 
occur if VP9 is highly expressed. Based on these considerations, we wanted to verify 
whether the expression of VP9 in cells would lead to alterations in chromatin 
structure.  
We take a multi-step approach to try and understand the role of VP9 in blocking 
histone-DNA interaction. Specifically, we aim to: firstly, demonstrate that DNA 
compactness is altered in VP9 transfected cells using both DAPI staining and 
immunostaining of histone distribution, secondly, examine the nucleosome-DNA 
binding strength using both salt extraction of chromatin in transfected cells and the 
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analysis of free histone mobility by FRAP and, lastlty to use DNA microarray to 
analysis the genome trascriptome of the cells transfected with VP9. 
By providing information on the alteration of histone-DNA interactions and insights 
into the global gene expression profile in the presence of VP9 expression, we might 
shed light on the intrinsic VP9-histone binding mechanisms. Furthermore, it would 
give a better understanding of the strategies adopted by dsDNA virus, by which it can 
modulate host chromatin architecture to facilitate viral replication or assembly. 
4.2 Material and Methods 
4.2.1 Chromatin Preparation 
4.2.1.1 Nuclei isolation  
The persistence of cytoplasmic components in most tumor cells limits the usefulness 
of calcium-sucrose for nuclei isolation [116]. Citric acid method was developed to 
remove cytoplasmic contamination. The procedure was adapted from Thoumine and 
N.Caille [117,118]. All the experimental procedures were performed on ice or 4ºC. 
The methods for cell culture and transfection were described in Chapter 2. Nuclei 
isolation was described as in previous studies. Briefly, Wild type HeLa (or H3-GFP 
stable line) cells were grown in150 mm dish. After 24h transfection of VP9 plasmids, 
dishes were rinsed twice with ice-cold PBS. Cells were treated for 15 min with 10ml 
ice-chilled citric acid solution, which composed of 0.01% Igepal CA-630 
(octylphenoxyl polyethoxyethanol: a non-ionic detergent, Sigma), and 1% citric acid 
solution (sigma) in nuclease-free water with supplementary of 1mM ß-
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mercaptoethanol (Biolab), 1mM CaCl2, 1mM MgCl2 and EDTA-free protease 
inhibitor (AEBSF 1mM, Aprotinin 800nM, Bestatin 50uM, E64 15uM, Leupeptin 
20uM, Pepstatin A 10uM, Thermo Scientific Research). Nuclei were expelled 
whereas the cytomatrix remained adherent on the dish (Fig 4.1). 
The medium was collected, mixed with 5 ml PBS, and centrifuged at 300 g for 15 
min. The supernatant was discard carefully and pellet was resuspended in PBS with 
supplementary of EDTA-free protease inhibitor, 1mM CaCl2 and 1mM MgCl2. 
 
4.1 Preparation of nuclei using citric acid solution: Before (a) and after (b) the 
treatment of citric acid solution; (c): Isolated nuclei 
4.2.2.2 Salt extraction of chromatin 
The salt fractionated chromatin was prepared by modifications of previous studies by 
Steven Henikoff et al [119]. Briefly, 7 aliquots of nuclei were spun in an Eppendorf 
centrifuge (5424R) at 500g for 15 min. Each pellet was subsequently resuspended 
gently in a series of cold TM buffers (10 mM Tris•HCl pH 7.4, 0.2% Trition-100, 1 
mM CaCl2 and 1 mM MgCl2, EDTA-free protease inhibitor), which vary in salt 
concentration (0 M, 300 mM, 600 mM, 1 M, 1.5 M, 2 M of NaCl). The suspended 
nuclei were rotated over-night at 4ºC and then pelleted for 1hour at 13000g. The 
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supernatant from each aliquot after centrifugation was stored at -20ºC for further 
protein analysis. 
Successive extraction (Figu 4.2 B) was conducted with one nuclei preparation. 
Pelleting of nuclei and preparation of buffers were described as the above. 
Resuspension of nuclei were started from 0M salt concentration, incubated on ice for 
5min and pelleted down at 5000g for 30min. The supernatant was collected carefully. 
After that, the pellet was resuspended again by gentle votexing till the clumps of the 
pellet disappeared (It should be cautious that high votexing speed resulted in shear 
stress on the nuclear wall and thus the chromatin contents could be damaged or 
completely lost). The nuclei preparation was treated with 300mM of salt. After that, 
followed by repeated the subsequent pelleting procedures mentioned above were 
prepared. To obtain the supernatants containing different amount of histone proteins, 
the nuclei were subjected to 6 different concentrations of NaCl at these 
concentrations: 0M, 0.3M, 0.6M, 1M, 1.5M, 2M. The individual extraction of 
chromatin was similar to the successive extraction procedures but separately treated 6 




Figure 4.2 Schematic diagram of chromatin extraction: Individual extraction (A) 
and successive extraction (B) 
4.2.3 Immunofluorescence, Microscopy and Fluorescence Recovery After 
Photobleaching (FRAP) assay 
4.2.3.1 Quantitative method of FRAP and confocal microscopy 
General procedures for fixation, immunostaining, and image acquisition by a Zeiss 7-
10 Confocal Microscope were described in Chapter 2. 
The image collection and microscopy set up were adapted from Kimura [120]. 
Briefly, FRAP was performed using a Nikon A1Rsi Confocol Microscopy (125 mW 
Ar Laser; 60X objective 1.4 N.A.). H3-GFP stable line was a gift from H.Kimura 
(Osaka University). 8.5x104Cells on a 35mm IWAKI glass-bottomed dish were 
grown at 37ºC	   for	   24h.	   Mock	   /	   VP9	   plasmids	   transfection	   were	   performed	   as	  described	   in	  chapter	  2.	  To	  gain	   the	   full	  stack	  of	   focal	  planes,	  pinhole	  of	  488nm	  was	  adjusted	  to	  255.4um	  (Galvano	  scanning	  mode;	  0.6%	  laser	  power;	  1x	  Zoom;	  1024x1024	  pixel	  per	  frame)	  and	  1.9x1.9	  um2	  was	  bleached	  by	  scanning	  56	  loops	  (~1min)	  with	  100%	  laser	  power.	  Subsequent	  images	  were	  collected	  at	  a	  series	  of	  frames,	  which	  varies	  in	  rate:	  4	  frames	  in	  every	  15sec;	  7	  frames	  in	  every	  1min;	  7	  frames	  in	  every	  10min;	  16	  frames	  in	  every	  30min.	  In	  some	  cases,	  20ug/ml	  of	  cycloheximide	   (CHX,	   sigma)	   was	   added	   1h	   before	   bleaching.	   The	   absolute	  intensity	  (after	  subtraction	  of	  background)	  of	  the	  bleached	  area	  in	  every	  single	  frame	  was	  measured	  using	   Image	   J	  version	  1.60,	  and	   the	  average	   intensity	  per	  pixel	  of	  each	  nucleus	  varied	  in	  time	  was	  determined	  using	  Imaris	  version	  7.7.1.	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The	   relative	   intensity	   of	   bleached	   region	   normalized	   to	   the	   change	   of	   in	   total	  fluorescence	  was	  described	  as	  [121]:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Rn	  =	  (Rt-­‐Rb)	  /	  Rpt	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4.1	  	  	  	  	  	  	  	  	  
Where	   Rn	  =	   normalized	   intensity	   of	   bleached	   region;	   Rt	  =	   the	   intensity	   in	   time	  point	  t	  before	  subtraction	  of	  background;	  Rb	  =	  intensity	  value	  of	  background;	  Rpt	  =	  the	  average	  intensity	  per	  pixel	  of	  the	  whole	  nucleus	  in	  time	  point	  t.	  
Association	  /	  dissociation	  kinetics	  were	  analyzed,	  assuming	  that	  tagged	  histones	  diffuse	   thought	  nuclei	   in	   seconds.	   If	   there	  were	  group	  of	   the	  exchanging	   (slow	  exchanging)	   and	   group	   of	   non-­‐exchanging	   (immobile)	   population	   of	   H3-­‐GFP,	  recovery	  might	  present	  exponential	  curve	  [120],	  which	  was	  governed	  by:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  In	  =	  P	  (1-­‐exp-­‐kt)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4.2	  
If	   there	   were	   more	   than	   2	   populations	   (rapid,	   slow	   exchanging,	   immobile),	  recovery	  of	  H3-­‐GFP	  was	  governed	  by:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  In	  =	  P1	  (1-­‐exp-­‐k1t)	  +	  P2	  (1-­‐exp-­‐k2t)	  [120]	  	  	  	  	  	  	  4.3	  
Where	  In	  =	  Relative	  Intensity,	  P	  =	  Plateau	  value,	  K	  =	  association	  constant,	  and	  t	  =	  time.	  
The	  half-­‐life	  of	  recovery	  is	  governed	  by:	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  t½	  =	  -­‐In	  (1/2)	  /	  K	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4.4	  
Curves	   were	   analyzed	   using GraphPad	   Prism	   version	   6.0.	   The	   errors	   were	  present	  as	  95%	  confidence	  intervals.	  All	  the	  estimated	  parameters	  in	  the	  fit	  were	  directly	  produced	  by	  nlinfit	  routine.	  	  
4.2.4 Isolation and Quantification of RNA and microarray analysis 
4.2.4.1 Methods and materials  RNA	   was	   isolated	   using	   the	   PURELINK®RNA	   mini	   kit	   (Invitrogen,	   Singapore).	  The	   preparation	   was	   according	   to	   the	  manual	   instructions.	   Briefly,	   cells	   were	  grown	   on	   60mm	   dishes.	  Mock	   /	   VP9	   plasmids	   transfection	  were	   described	   in	  Chapter	   2.	   After	   24h,	   the	   solution	   containing	   guanidinium	   isothiocyanate,	   a	  chaotropic	   salt	   were	   used	   to	   homogenized	   the	   lysates	   of	   control	   and	   VP9-­‐transfected	   cells	   in	   order	   to	   protect	   the	   isolated	   RNA	   from	   degredation	   by	  endogenous	   RNases	   [122].	   With	   the	   addition	   of	   Ethanol	   to	   the	   sample	   after	  homogenization,	   the	   lysates	   was	   further	   passed	   through	   a	   Spin	   Cartridge	  consists	   of	   a	   clear	   silica-­‐based	   membrane	   required	   for	   RNA	   binding.	   Any	  impurities	   in	   the	   samples	  were	   subsequently	   removed	   by	  washing	   [123].	   The	  purified	   total	   RNA	   was	   eluted	   in	   RNase-­‐Free	   Water.	   The	   concentration	   and	  purity	   of	   the	   extracted	   RNA	   were	   examined	   at	   260	   nm	   and	   280	   nm	   using	   a	  spectrophotometer	  (Eppendorf,	  Germany).	  A	  value	  within	  the	  range	  of	  1.9-­‐2.15	  was	   considered	   to	   be	   an	   acceptable	   degree	   of	   purity.	   The	   integrity	   of	   isolated	  RNA	  (RIN)	  was	  further	  evaluated	  by	  electrophoresis	  of	  a	  denatured	  agarose	  gel	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(Fig.	   4.3;	   Results	  were	   provided	   by	   Agilent	   Technologies,	   Inc).	   The	   acceptable	  degree	  of	  RIN	  was	  within	  the	  range	  from	  7.0-­‐10.	  
	  
	  
Figure 4.3	  	  RNA	  integrity	  (RIN)	  results	  of	  control	  and	  VP9	  cell	  lysates	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4.2.4.2 Complementary RNA labeling, purification and quantification 
procedures 	  
RNA labeling and quantification were processed by researchers from Agilent 
Technology. Briefly, Agilent's Low Input Quick Amp Labeling Kit generates 
fluorescent cRNA (complimentary RNA) with a sample input RNA range between 10 
ng and 200 ng of total RNA or a minimum of 5 ng of poly A+ RNA for one-color 
processing. The method uses T7 RNA polymerase, which simultaneously amplifies 
target material and incorporates cyanine 3-labeled CTP (Fig. 4. 4). Amplification is 
typically at least a 100-fold from total RNA to cRNA with the use of this kit. 
Qiagen’s RNeasy mini spin columns were used accordingly to the manufacture for 
purification of the amplified cRNA samples. The quality of cRNA was quantified 
using NanoDrop ND-1000 UV-VIS Spectrophotometer version 3.2.1.  
4.2.4.3 Quantification of the gene expression profile  
For the different microarray data with respect to time, the robust multiarray analysis 
(RMA) value for each gene was yielded in triplicates, and their P values were 
computed by Student t test. Genes with P value < 0.05 were considered to be 
significantly expressing, and a cutoff of 1.2 fold was applied for identification of 
differentially expressing genes. Microarray data analysis was processed using custom 




Figure 4.4: Schematic of amplified cRNA procedure. Generation of cRNA for a 
two-color microarray experiment is shown. When one generates targets for a one-
color microarray experiment, only the Cy3-labeled “B” sample is produced and 
hybridized (Adapted from the library of Agilent Techonology, Inc) 
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4.3 Results  
4.3.1 Changes in DNA condensation upon VP9 expression.  
To gain insights into the alteration in chromatin compactness in VP9 transfected cells, 
which could be reflected by DNA condensation, we first examined the status of DNA 
condensation using DAPI staining (Fig 4.5 a). The change in DAPI fluorescent 
intensity indicates the degree of alteration in DNA condensation. Typical apoptotic 
cells show highly condensed DNA fragments characterized by DAPI staining. After 
24h post-transfection of HeLa cells with VP9, the nucleus did not displayed typical 
oligonucleosomal DNA fragmentation, suggesting that VP9 expression did not affect 
cell viability within this period. We should note that the average intensity of DAPI 
staining in VP9-transfected cells was significantly reduced. As compared to control 
group it was 55% less than that of control group (n=500, Figure 4.5 b). The reduction 
of DAPI intensity can be resulted from the changes in the properties of unwound AT-
rich sequences, by which it reduces DAPI-DNA binding efficiency or affinity in the 
presence of VP9 expression. This data might indicate the chromatin compactness was 
affected upon VP9 expression. 
The changes in chromatin compactness can be a consequence of reduction in either 
chromatin-bound histone level or in a change in DNA-histone binding strength. In 
order to compare the changes in histone-DNA binding strength, we extracted nuclei 
from both untransfected cells and cells transfected with VP9 and test the solubility of 
the nuclei in different NaCl salt concentration (0 M, 0.3 M, 0.6 M, 1 M, 1.5 M, 2 M 
of NaCl). The fractions were separated using SDS-PAGE and the gels were stained 
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with a fluorescent SyproRuby dye. The profile of fractionated histone core proteins 
from isolated nucleus in VP9-transfected cells were compared to that of control group 
(Fig 4.5). In control group, extractions between 0 M to 0.6 M of NaCl gave invisible 
fractioned histone bands (shown in red square, Figure 4.5 c), suggesting most of 
histone proteins were tightly bound with DNA. Histone proteins can be eluted at 
higher NaCl concentrations. As expected, extractions with 1 M of NaCl clearly 
showed the fractionated histone protein bands. On the other hand, 1.5 M of NaCl 
extracts displayed higher intensity of histone bands and 2 M of NaCl extracts gave 
equal amount of histone protein bands as compared to 1.5 M of NaCl extracts, 
confirming that 1.5 M of NaCl solubilized virtually most nucleosomes in control 
group.  
We next examined whether the fractionated histone profile of VP9-transfected cells 
differed from the profile of control group. Thus, six nuclei preparations isolated from 
VP9-transfected cells were lysed in the same isotonic buffer supplemented with 0-2 
M of NaCl (Fig 4.5 d). Similarly, histone proteins bands were still invisible in the 
supernatant when the NaCl concentration was below 0.3 M. Nevertheless, comparing 
to the control group, most of the histone proteins were effectively solubilized in 0.6 
M of NaCl. Hence, 1 M of NaCl was sufficient to fractionate most of the histone 
proteins. With such salt conditions, histone proteins were fractionated at lower salt 
concentration, indicating the chromatin showed a less-pronounced nucleosome-DNA 
binding strength upon the expression of VP9.  
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To confirm this result, we conducted another extraction with different method using 
the same concentrations ranging from 0 M to 2 M of NaCl. One nuclei preparation 
was successively treated with these buffers (Fig 4.5 e to f). For control nuclei, we 
expected to observe more soluble histone with the increment of NaCl concentrations. 
In contrast, in the presence of VP9 expression, most of the histone proteins were 
completely soluble in up to 0.6 M or 1 M of NaCl. As we expected, the increment of 
fractionated histones in control group were aligned with the increment of NaCl 
concentrations and they were completely eluted with 2 M of NaCl (Fig 4.5 e). 
However, upon the expression of VP9, the enrichment of histones was found in the 
extracts from 0.6 M of NaCl (Fig 4.5 f), showing the consistent features with the first 
experiment that histone proteins were fractionated at lower NaCl concentration. 
Histones fractionated at higher NaCl concentration (from 1 M to 2 M) gave similar 
intensity of bands, confirming histones-DNA binding strength was significantly 
reduced in the presence of VP9 expression. 
4.3.2 Quantification of average H3 staining in control and VP9-transfected cells 
The change of DNA condensation can be affected by the change of histone H3 level. 
To observe the change of H3 level the nuclear H3 staining (Fig. 4.6 a) within each 
HeLa cell (n=466, ±SD) was analyzed using custom written algorithm in MATLAB. 
In this experiment, we found a reduction of approximately 30% in the average 
fluorescence intensity of H3 staining in VP9-transfected cells as compared to control 
cells (Fig. 4.6 b).  
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To dissect the H3 staining intensity profile further in more details, the histograms of 
distribution of H3 staining intensity were plotted. We then compared the differences 
between the H3 staining intensity histogram of control and that of VP9-transfected 
cells. The results (Fig. 4.6 c) indicated the histogram distribution of H3 staining 
intensity in the transfected cells differed from that of control cells. More specifically, 
the H3 staining intensity of VP9-transfected cells showed a highest percentile rank 
with a bin size nearly 45% representing the populations with the intensity 
approximately 10000 (a.u.), whereas the H3 staining intensity of the control cells was 
obvious evident with the highest percentile rank (a bin size was above 45%), 
representing the populations with the intensity above 30000 (a.u.).  
Hence, we could clearly saw each bin size represented the populations differed in 
intensity was smaller than the bin size of control group, suggesting VP9 expression 
might induce specific global changes in nuclear H3 level.   
In order to verify that nuclear H3 level was reduced upon VP9 expression, additional 
experiment was conducted in H3-GFP expressed live cells. Typical confocal images 
of nucleus expressing H3-GFP were collected (Fig. 4.7 a). The colored legend 
(arbitrate unit) indicated maximum (red) and minimal (blue) pixels of H3-GFP 
intensity. Quantitative analysis of total nuclear H3-GFP intensity obtained in these 
live cells over 8.5 h could precisely estimate how much and how rapidly the intensity 
dropped. Fading of H3-GFP fluorescence (approximately 5-10%) in control group 
was present, which might be caused by photobleaching. Compared to control group, a 
drastic 30% reduction of H3-GFP fluorescence in VP9-transfected cells was observed 
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over 8.5 h (Fig. 4.7 b). This observation was consistent with the results obtained using 
immunostaining, confirming that VP9 expression can induce specific global changes 
in nuclear H3 level.   
4.3.3 Quantification of histone H3 recovery by FRAP  
Changes in histone-DNA binding state can be reflected by histone H3-GFP kinetics. 
The faster of H3-GFP recoveries is corresponding to a weaker binding,which might 
dominant. This can be elucidated using FRAP.  
FRAP experiments were conducted in either VP9-transfected cells or control cells. A 
1.9x1.9 µm2 region in the nucleus of a single cell was bleached with 488 nm laser and 
then the subsequent recovery of the bleached area was recorded for a time period of 
610 min. The amount of H3-GFP fluorescence was substantially reduced after 
bleaching. Subsequently, the fluorescence in the area of interest recovered as the free 
H3-GFP diffused into the bleached area (Fig 4.8 a). The procedure of bleaching and 
image collection did not affect cell viability and cell division. 
Recoveries of H3-GFP fluorescence in either control or VP9-transfected cells were 
obtained (Fig 4.8). By definition, H3-GFP kinetics is characterized by the shape of 
H3-GFP recovery curve. Basically, the curve will indicate the time required for 
greatest recoveries (the plateau) and the rate of H3-GFP recoveries with respect to 
time. The differences of H3-GFP kinetics between VP9 and control groups can be 
elucidated by these two parameters. Notably, the H3-GFP recovery curve was much 
steeper in the presence of VP9 expression (Fig 4.9 a), suggesting the rate of H3-GFP 
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recoveries was faster than that of control group. Thus, the plateau was only present in 
the H3-GFP recoveries of control group around 300 min after bleaching (Fig 4.8 b) 
whereas the one of VP9-transfected group was not observed (it might be present after 
610 min) (Fig 4.8 c). This observation suggested H3-GFP was continuously 
exchanged over 8.5 h upon VP9 expression. This result might be a consequence of 
newly formed VP9-H3 complexes, which might present higher mobility than that of 
H3-GFP alone. Unfortunately, this interpretation could be complicated with newly 
produced histone H3 if the expression of VP9 could enhance the protein synthesis. 
Therefore, we used cycleheximide (CHX) to inhibit protein synthesis[124]. Inhibition 
of protein synthesis gave rise to slow H3-GFP recoveries in either control or VP9-
transfected group (Fig 4.9 a and b), suggesting that newly synthesized histone 
proteins contributed to H3-GFP recoveries. Nevertheless, inhibition of protein 
synthesis might not affect the outcome of changes in H3-GFP kinetics if the plateau 
could be present in VP9-transfected group. As we expected, the plateau of VP9 
transfected group was not present (Fig 4.8 e) whereas it was only found in control 
group (Fig 4.8 d).  
Given the fact that the rate of H3-GFP recovery demonstrated the strength or 
weakness of binding, whereby faster recoveries corresponded to weak binding [71]. 
Thus, the recovery rate of H3-GFP of VP9-transfected group was faster than that of 
control group. As shown in Figure 4.9 d and e, the greatest H3-GFP recoveries of 
control group occurred earlier (< 200 min) but H3-GFP in VP9-transfected group 
required much longer period (> 610 min) to achieve the maximum recoveries. On the 
other hand, recoveries of H3-GFP were increased upon VP9 expression, by an order 
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of magnitude of approximately 1.5 fold, (Fig 4.9 c).  In addition, this effect was not 
likely to be affected by inhibition of protein synthesis (Fig 4.9 d), suggesting that H3-
DNA binding might be reduced in the presence of VP9 expression. Assuming that 
VP9-H3 interaction was minimal or none, the H3-GFP kinetics in VP9-transfected 
group will not differ from that of control group. However, our data suggested that H3-
GFP kinetics was altered and inhibition of protein synthesis did not affect this result. 
We confirm that VP9 and histone H3 formed a new population, which might promote 
H3-GFP recoveries and reduce H3-DNA binding affinity upon VP9 expression. 
To gain further explanations of H3-GFP kinetic properties, by which different 
populations of H3-GFP can be extracted. Changes in H3-GFP populations (the ratio 
between mobile and immobile) might reflect the change in chromatin compactness. 
H3-GFP recoveries could be fitted by either singlular or two-components-term (see 
methodology), assuming that the recoveries are dominated by one or two populations 
[71]. However, genome-wide studies have revealed that there are more than 2 
populations of histone H3 proteins. These H3 populations differ in chemical 
modifications, including histone acetylation, methylation and phosphorylation, which 
generate different charge pattern and are associated with different groups of histone 
chaperones [125,126].  
Run test showed the residues of H3-GFP fluorescent intensity were overall more 
randomly distributed (run test < 0.001) if H3-GFP recoveries were fitted by singular 
term (curves in Black, Fig 4.8), suggesting there were more than two H3-GFP 
populations. Nevertheless, this could be circumvented if two-components-fit was 
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applied (curves in Red, Fig 4.8). This analysis could generate the minimum number 
of H3-GFP populations required for fit the H3-GFP recovery curves obtained from 
control and VP9-transfected groups. Any changes in the populations of histones upon 
VP9 expression might reflect the level of chromatin compactness.  
As shown in Figure 4.8 a, three populations were observed from the inspection of H3 
recoveries of control group (Fig 4.8 b, Run Test = 0.02): an immobile fraction (about ±SE 62% Table 4-1, row one) and another fraction, which represented the slow but 
continuously exchanging fraction of H3-GFP (±SE 27%, Table 4-1, row one). The 
last population was a rapid fraction, which reflected the initial recovery (±SE 11%, 
Table 4-1 row one). As compared to control group, VP9 transfected group (Fig 4.8 c, 
Run test = 0.02) showed a significantly increased (12%) of slow mobile fraction 
(±SE, Table 4-1 row three). On the other hand, the immobile population was reduced 
in the presence of VP9 expression. The treatment with CHX increased the immobile 
population in control group (±SE 76%, Table 4-1, row two), but CHX treatment did 
not significantly affect H3-GFP populations as the immobile fraction, gleaned from 
the curve (Fig	  4.8	  e, run test = 0.3), in VP9 transfected group remained the same level 
(±SE 50%, Table 4-1, row three and four). Overall the data from the FRAP 
experiment indicated that the alteration of H3-GFP kinetics was not coupled with 
protein synthesis but it was likely achieved via impeding of DNA-H3 interaction 
mediated by VP9. In addition, increment of mobile population in VP9 transfected 
group indicated the level of chromatin compactness might be reduced. 
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4.3.4 VP9 expression imposes modular changes in gene expression  
The expression of VP9 affected histone-DNA binding capture, which might 
subsequently change global gene expression profile. To understand the effect on 
changes in global gene expression in VP9 transfected group, whole genome 
trascriptome analysis using microarray was performed on cells transfected with VP9  
More than 1000 genes were differentially expressed in VP9 transfected group (>700 
of up-regulated and >500 of down-regulated genes, p value < 0.05) as compared with 
the transcription level of control group. The data in Figure 4.10 demonstrated the 60 
differentially regulated genes, which was assigned to up-regulated (Fig 4.10 a) and 
down-regulated (Fig 4.10 b) groups respectively. Surprisingly, the expression of the 
top 10 up-regulated genes was enhanced for more than 60 fold (included in red 
square), such as Perlam Syndrome-associated protein (DIS3L2) and neutrophil 
cytosol factor 1 (NCF1), whereas the reduction of histone expression (indicated by 
black arrow) was found (~1.5 fold), showing the agreement with previous 
observations obtained from immunostained-H3 in VP9-transfected wild type HeLa 
cells.   
To obtain the insights into biological consequences of these differentially expressed 
genes, we allocated two groups corresponding to the up-regulated and down-
regulated genes, which were further interpreted through Gene-Ontology (GO) (Fig 
4.11). Only down-regulated genes were carried out to identify major clusters of genes 
sensitive to the delivery of chromatin compaction cues. Contrary to this, the up-
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regulated genes falls into all the categories of biological processes but were consisted 
of only large number of orphan genes (about 120, p<0.05).  
Revealed by GO analysis that the down-regulated genes were mainly carried out 
multiple goals (Fig 4.11 a), including anti-viral infection functions (InterLeukin 26, ≈ 
2.4 fold reduced), DNA-helicase activities (chromodomain helicase DNA binding 
protein 2, ≈	   2.3 fold reduced; PIF1 DNA helicase homolog, ≈	   1.2	   fold	   reduced) 
involved in regulation of DNA structure, and microtubule activities (Kinesin family 
members 11, 15, 24, 4B, 4A, ≈	  1.4	   fold	   reduced), DNA-binding activities (histone 
cluster 1, histone fold, ≈	  1.3 fold reduced). The actions of these down-regulated gene 
products were located at cellular components, including kinetochore (kinesin 
members), centrosome (centromere protein E and F), spindle pore (abnormal spindle 
homolog), cytoskeleton (actin like 8, myosin 1, microtubule associated protein 1), 
nucleosome (histone core proteins) (Fig 4.11 b). Thus, differential down-regulation of 
these genes might collectively impair cell cycle, DNA-packaging, chromosome 
assembly or disassembly, sister chromatin segregation, response to DNA damage 
stimuli, microtubule-based processes (Fig 4.11 c).  
4.4 Discussion 
This chapter begins by demonstrating the level of DNA condensation characterized 
by DAPI staining. VP9-transfected cells displayed an aberrant 40% reduction of 
DAPI staining intensity. This observation led to several uncertainties of how DAPI 
failed to bind with DNA AT-rich sequences and of whether the DNA condensation 
was less pronounced upon the presence of VP9 expression. Given the fact that 
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abruption of DNA fragmentation during apoptosis / necrosis will give rise to the 
decreased level of DNA content. However, DNA fragmentation was not observed in 
the cells transfected with VP9 for 24 h, suggesting the reduction of DAPI staining 
intensity was likely thought to be related to the altered DNA topology. 
We next determined histone-DNA binding capture by using salt extraction assays. As 
first described by Sanders and co-workers in 1970s, salt extraction of chromatin can 
be used to characterize of DNA-histone affinity capture in the presence of divalent 
cations (1~3mM MgCl2). We have adapted this method to show a relatively 
quantitative recovery of chromatin altered in binding strength in both control and 
VP9-transfected cells. In our experiments, we showed that extensively washing of 
intact nuclei at different concentrations of NaCl resulted in different increment of 
fractionated histone bands. A low-salt soluble fraction (0-0.3 M) represented 
accessible chromatin, a high-salt soluble fraction represented the bulky chromatin 
(0.6-2 M) and an insoluble fraction remained in pellet was presumably associated 
with RNA polymerase II derived from transcribed region.  
For the control group, the solubility of histone proteins was successively enriched 
with the increasing salt concentration. The high-salt soluble histones band showed 
highest intensity at 2 M of NaCl. Contrary to this, for VP9-transfected group, the 
high-salt fraction was significantly enriched at 0.6 M of NaCl. Hence, in this group 
histone proteins fractionated with 1 M to 2 M of NaCl exhibited equivalent or less, 




The reduced histone-DNA binding strength in VP9 group can be explained if VP9 
formed complexes with histone proteins, which was further verified using FRAP 
(analysis of H3). Notably, H3-GFP recovery in VP9-transfected group exhibited a 
relatively higher mobile population (≈12%). However, whether this mobile 
population consisting of one group of VP9-H3 complexes or other H3 complexes has 
not been investigated.  
The half-life of recovery (t1/2) corresponding to H3-GFP dissociation constant (Koff) 
(provided in Table 4-1) was not further discussed because it was impossible to obtain 
binding constant (Kon) using FRAP. Nevertheless, the changes in Koff might indirectly 
imply the alteration of H3-GFP kinetics, which was probably attributed to the VP9-
H3 interactions.   
 Immuno-staining of H3 in VP9 transfected cells showed a degree of diminished H3. 
This observation was further supported by DNA microarray data, by which it showed 
histone expression was reduced approximately 1.5 fold. Nevertheless, answers to the 
questions that this was induced by degradation of pre-existing H3 or knocking down 
of H3 expression are elusive.     
The decreased in histone-DNA binding affinity, reduced H3 level and alteration in 
DNA topology suggested that the chromatin compactness might be affected. The 
enhanced expression of orphan genes might be a consequence of permissive 
transcription resulted from structurally loosed chromatin. However, it is unknown if 
these up-regulated genes could benefit virus replication or viral particle assembly, 
should be investigated in future studies.  
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In addition, the chromatin instability might be induced by VP9 expression. This could 
be characterized as falls in assembly or disassembly of nucleosome, response to DNA 
integrity checkpoint, sister chromatin segregation and so forth, which were illustrated 
in genome trascriptome analysis using microarray. Notably, relatively down-regulated 
the genes of dynein, kinesin family members and actin 18 might give rise to loss of 
cytoskeleton integrity. Insufficient expression level of these proteins could directly 
induce dysfunction of cytoskeleton. Meanwhile down-regulation of LIM domain only 
4 (LMO 4, 1.2 fold reduced) was observed, which might impair the communications 
between nuclear matrix and cytoskeleton. Loss of cytoskeleton integrity and 
communications between cytoskeleton and nucleus can mutually led to the instability 





Figure 4.5 Compaction of chromatin in isolated nucleus from control cells and 
cells transfected with VP9 for 24 h: (a) representative images of DAPI (blue) and 
immuno-VP9 (green) staining; bar: 43um (b) Quantification of DAPI intensity 
(n=466, ±SD); Salt extraction of chromatin: individual extraction of chromatin in 
control (c) and VP9-transfected group (d); successive extraction of chromatin in 




Figure 4.6 Global change of nuclear immuno-fluorescent H3 intensity in wild 
type HeLa control cells and cells transfected with VP9 for 24 h: (a) 
Representative images of immuno-VP9 (green) and H3 (red); bar19 um (b) 
Quantification of immuno-H3 fluorescent intensity (n=466, ±SD); Histogram 
distribution of immuno-H3 fluorescent intensity of control group (black) and VP9-





Figure 4.7 Global change of nuclear H3-GFP intensity in live control cells and 
cells trasnfected with VP9 for 24 h: (a) typical images of nucleus expressed H3-





Figure 4.8 Changes of H3-GFP kinetics in control cells and cells transfected with 
VP9 for 24 h: (a) typical images of H3-GFP recoveries of a nucleus with bleached 
region over 610 min; Kinetic curve of H3-GFP in control cells (a), VP9-transfected 
cells (b), control cells treated with CHX (d) and VP9-transfected cells treated with 






Figure 4.9 Comparison of H3-GFP recoveries: control groups: (a) before and after 
treated with CHX; VP9-transfected groups: (b) before and after treated with CHX; 
control versus VP9-transfected group before (c) and after (d) treated with CHX 




Figure 4.10 Global gene expression profile: Up-regulated genes (a) and Down-





Figure 4.11: Geneontology analysis of 600 differentially down-regulated genes in 
control wild type HeLa cells and VP9-transfected cells for 24 h: (a) goals of 
molecular functions; (b) the actions located at certain cellular components; (c) 
biological process. The pie-chart includes significantly (p<0.05) represented gene 























The goal of this study was to demonstrate the ability of VP9 in modulating the host 
chromatin structure using numerous fundamental approaches, including magnetic 
tweezers, fluorescent recovery after photobleaching (FRAP), salt extraction of 
chromatin and DNA microarray. 
VP9 was previously suspected to impede histone-DNA interaction in vivo system via 
directly seizing free histone proteins. However, whether it facilitates histones to 
assemble nucleosome or prevents them binding to DNA are poorly understood. In 
Chapter 2, we revealed that VP9 did not display as a histone chaperone but it was 
capable to prevent DNA folding mediated by histone octamer aggregates, suggesting 
that VP9 potentially reduces the strength of histones-DNA interactions. Notably, H3-
VP9 binding affinity was characterized as minimal or none using ITC. In addition, 
complete impeding of DNA folding occurred at a ratio of 1: 1000 (one molecule of 
histone octamer and one thousand molecules of VP9), which was suspected to be 
artifacts or resulted from low affinity binding of VP9 to histones. As comparing to 
NAP1, a single copy of histone octamer requires only one NAP1 dimer for 
completing the task. Given the fact that NAP1 is subsequently reused by other pre-
existing histone octamers after completing the first cycle of nucleosome assembly. 
However, this mechanism might not be applicable to VP9. On the other hand, the 
high working ratio between VP9 and histones might be a consequence of low-affinity 
binding, which could be circumvented if VP9 is largely produced in vivo conditions. 
Current studies confirm that VP9 was continuously present during viral replication 
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from 2 hpi up to 72 hpi. Early DNA microarray studies showed the mRNA level of 
VP9 in WSSV infected tissues was higher than all the other WSSV viral genes. In our 
research, VP9 expression was driven by enhanced-CMV promotor as described 
Chapter 3 and VP9-H3 complexes were observed using FRAP as described in 
Chapter 4. In addition, histones-DNA affinity capture was illustrated by salt 
extraction assays and verified by FRAP. Histones became soluble at lower 
concentration of NaCl and recoveries of H3-GFP were faster in the presence of VP9 
expression, suggesting histone-DNA binding strength was reduced. These 
observations showed consistency with that of our in vitro studies.  
Alternatively, VP9 could compete with DNA in histone binding by affecting DNA 
supercoiling properties (known as plectoneme) instead of gaining advantage in high-
affinity binding. Present in vitro experiments showed nucleosome were likely to be 
stabilized by DNA supercoiling. Surpressing plectonemic DNA regions by adjusting 
concentration of salt led to partially relaxed octamers from the distal ends of DNA 
[128]. In Chapter 4, DAPI staining showed its fluorescent intensity was significantly 
reduced upon VP9 expression. Given the facts that DAPI molecules are known to be 
associated with unwound AT-rich sequences. The density of DNA supercoiling is 
subject to the density of AT-rich sequences [120]. Changes in DAPI staining intensity 
might be explained if the supercoiling properties of DNA were affected by VP9. We 
extended this observation with the help of mapping VP9-DNA interaction using 
magnetic tweezers. In the presence of VP9, stiffening of DNA, indicated by the 
increment in DNA extension, was observed at 0.2 pN. These observations suggest 
that VP9 might mediate its function through interplay with DNA supercoiling state. 
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Similar instances were found in bacteria nucleoid-associated proteins, including Heat 
Stable protein (HU) and NAPs, which suppress the formation of DNA plectoneme or 
regulate the constraint DNA supercoiling state by increase DNA stiffness at low 
pulling force [120]. Unfortunately, we have not reached the understanding on the 
mechanisms of VP9 in DNA-stiffening mode. 
In summary, the thesis showed the VP9 effects on DNA-histone interaction are 
partially reaching and would almost certainly be involved in reducing DNA-histone 
binding strength as well as alteration of host gene transcriptions. In addition, mapping 
of VP9-DNA interaction and observation of DAPI staining intensity reduction might 
shed light for the future studies in whether VP9 mediates its functons in competing 
with DNA of histone bindings through suppress DNA supercoiling.  
5.2 Future Work 
5.2.1 Global gene expression profile in shrimp cells 
Despite the investigation of WSSV VP9 function in Hela cells, a comprehensive 
understanding of the consequences resulted from the host chromatin alterations upon 
VP9 expression is dependent on validating the consistency of these consequences 
obtained from shrimp tissues with WSSV infection. Although the primary shrimp cell 
line and continuous cell lines from different organs are not commercially available, 
the infection with WSSV viral particles in shrimps has been successfully established. 
With such in vivo conditions, the intrinsic nature of VP9 can be maintained and 
activated properly, which may enable us to capture the changes in global gene 
expression of host cells and illustrate the histone-DNA binding strength using salt 
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extraction assays. As shown in chapter 4, down-regulated genes, including histone 
fold, kinesin family members, ATP-dependent helicase, might perform as modifiers 
to modulate host chromatin architecture. Using ITRAG mass spectrometry, we will 
be able to validate the presence of these down-regulated genes in WSSV infected 
tissues.  
5.2.2 Mapping of H2A dynamics using FRAP---the disruption effects on the outer 
and inner turns of nucleosome upon VP9 expression 
Our studies have showed VP9 reduces H3-GFP and DNA binding strength in vivo 
conditions but the effects on other histone core proteins, such as H2A, were not 
studied upon VP9 expression. The primary arrangement of histones compacted into a 
single globular domain was illustrated nearly 40 years ago [129]. The potential 
disruption processes upon VP9 expression affect the chiral nature of nucleosomes and 
the fate of four histone core proteins. To understand the consequences of VP9 
expression on impact on nucleosome, a comprehensive investigation to fully 
characterize nucleosome behaviours is required. Early studies showed VP9 formed 
complexes with H2A and it prevented free H2A bound with DNA. Early structural 
studies showed that two copies of H2A/H2B dimers form the peripheral layer 
whereas central H3/H4 tetramer is located inside a histone octamer sandwich[130]. 
The fate of histones is differentially affected by this geometric arrangement of histone 
octamer. Hence, present studies showed positive torque moderately affected 
tetrameric H3/H4 stability as H3/H4 tetramer were retained on the DNA but drastic 
loss of H2A/H2B was observed [131]. This property can make H2A vulnerable to the 
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disruption of nucleosome upon VP9 expression as compared to H3. In our future 
FRAP studies of H2A kinetics will passively enable us to gain the insights into the 
sensitivity of H2A in response to nucleosomal disruption in the presence of VP9 
expression. More specifically, it will extend our understanding on the mechanisms of 
the disruption on the stability of inner and outer turns of nucleosome core particle 
upon VP9 expression.  
5.2.3 The mechanism of VP9 DNA-stiffening mode  
Although we have showed that increase of DNA-stiffening was present in the 
presence of VP9, the mechanism is still unclear. Our work (Chapter 4) that showed 
DAPI staining intensity was reduced approximately 60%, suggesting VP9 may play 
an intricate intertwined role in passively regulating on the DNA supercoiling state. 
Henceforth, in the future, we wish to extend our work on VP9 DNA supercoiling. 
Specifically, we will use the magnetic tweezers to study the effects of histones 
binding in DNA-stiffening mode induced by VP9 at low pulling force. This will 
provide direct evidence to our hypothesis that VP9 can block histones-DNA binding 
via regulating on DNA supercoiling state. Hence, present study showed that during 
chromatin remodeling, nucleosome stability was modulated by imposing torque on 
the DNA template [131,132]. Our study on VP9 regulation on DNA supercoiling 
might provide means to link regulation on nucleosome stability by via DNA 
supercoiling transduction by VP9. On the other hand, VP9 effects on DNA 
supercoiling will be implemented into the current studies on how histones interplay 
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with DNA-binding modes, which will extend to other viral proteins that may block 
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